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FOREWORD 


Opinions,  interpretations,  conclusions  and  recommendations  are 
those  of  the  author  and  are  not  necessarily  endorsed  by  the  U.S, 
Army. 

_  Where  copyrighted  material  is  quoted,  permission  has  been 

obtained  to  use  such  material. 

_  Where  material  from  documents  designated  for  limited 

distribution  is  quoted,  permission  has  been  obtained  to  use  the 
material . 

_  Citations  of  commercial  organizations  and  trade  names  in 

this  report  do  not  constitute  an  official  Department  of  Army 
endorsement  or  approval  of  the  products  or  services  of  these 
organizations . 

In  conducting  research  using  animals,  the  investigator (s) 
adhered  to  the  "Guide  for  the  Care  and  Use  of  Laboratory 
Animals , "  prepared  by  the  Committee  on  Care  and  use  of  Laboratory 
Animals  of  the  Institute  of  Laboratory  Resources,  national 
Research  Council  (NIH  Publication  No.  86-23,  Revised  1985) . 

For  the  protection  of  human  subjects,  the  investigator (s) 
adhered  to  policies  of  applicable  Federal  Law  45  CFR  46. 

Q.X-  In  conducting  research  utilizing  recombinant  DNA  technology, 
the  investigator (s)  adhered  to  current  guidelines  promulgated  by 
the  National  Institutes  of  Health. 

In  the  conduct  of  research  utilizing  recombinant  DNA,  the 
investigator (s)  adhered  to  the  NIH  Guidelines  for  Research 
Involving  Recombinant  DNA  Molecules . 

(jl-  X  In  the  conduct  of  research  involving  hazardous  organisms, 
the  investigator (s)  adhered  to  the  CDC-NIH  Guide  for  Biosafety  in 
Microbiological  and  Biomedical  LeJdoratories . 
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(5)  INTRODUCTION 

Bcl-2  is  a  proto-oncogene  whose  primary  effect  is  not  in  stimulating  cell  proliferation; 
instead  Bcl-2  functions  as  a  cell  death  blocker.  Bcl-2  promotes  tumorogenesis  by  preventing 
cancer  cells  to  die.  Thus,  understanding  the  precise  mechanism  of  how  Bcl-2  functions  to 
prevent  cell  death  is  crucial  to  the  understanding  and  treatment  of  human  cancers,  including 
breast  cancer. 

Bcl-2  belongs  to  a  family  of  proteins  that  share  extensive  sequence  homology.  Although 
all  appear  to  play  some  roles  in  regulating  programmed  cell  death  (PCD),  some  members  of  these 
family  have  opposing  effects  on  cell  death;  Bcl-2  and  Bcl-XL,  for  example,  promote  cell  survival 
whereas  Bax  and  Bak  promote  or  induce  cell  death.  The  functions  of  Bcl-2  family  proteins  are 
also  conserved  during  evolution.  A  Bcl-2  homologue,  Ced-9  was  identified  in  the  nematode,  C. 
elegans',  overexpression  of  Bcl-2  can  compensate  for  the  defect  of  ced-9  mutant  worm 
(Hegnarter  and  Horvitz,  1994;  Vaux  et  al.,  1992).  Moreover,  ectopic  expression  of  Bcl-2  can 
also  rescue  sod  mutant  yeast  from  oxidative  injury  (Kane  et  al.,  1993),  suggesting  that  Bcl-2 
plays  an  evolutionarily  conserved  role  in  regulating  life  and  death  of  the  cell.  In  addition  to  acting 
in  multicellular  organisms  to  regulate  PCD,  some  members  of  Bcl-2  family  protein  also  retain  at 
least  some  of  their  death  regulatory  roles  in  the  unicellular  yeast.  Expression  of  either  Bax  or 
Bak  imposes  a  lethal  effect  upon  two  yeast  species,  the  budding  yeast  S.  cerevisiae  and  the 
fission  yeast  S.  pombe  .  On  the  other  hand,  Bcl-2  or  Bcl-XL,  mammalian  cell  death  blockers  also 
function  in  yeast  to  antagonize  the  cell  death  induced  by  Bax  or  Bak  (Sato  et  al.,  1994;  Hanada  et 
al.,  1995;  Zha  et  al.,  1996;  Greenhalf  et  al.,  1996;  Jtirgensmeier  et  al.,  1997;  Ink  et  al.,  1997;  Tao 
etal.,1997). 

The  findings  that  Bcl-2  family  proteins  function  as  cell  death  inducers  and  blockers, 
respectively,  in  yeast  prompted  us  to  explore  the  yeast  system  for  the  study  of  PCD.  We  have 
developed  a  functional  screen  to  search  for  mammalian  genes  that  can  inhibit  Bax-induced  cell 
death  in  yeast.  From  this  screen,  we  have  identified  two  human  genes,  named  BI-1  and  BI-2  (for 
Bax-Inhibitor  1  and  2).  Cloning  of  these  two  genes  and  the  initial  characterization  has  been 
described  in  our  previous  annual  report.  In  the  past  year  we  have  extended  these  studies, 
attempting  to  determine  the  function  and  the  underlying  mechanisms  for  BI-1  and  BI-2  functions. 
In  addition,  in  collobarating  with  another  postdoctoral  associate  in  the  lab.  Dr.  Shigemi 
Matsuyama,  we  also  isolated  Bax-resistant  mutant  yeast  aimed  at  addressing  the  question  of  how 
Bax  functions  in  yeast.  We  have  cloned  one  yeast  protein,  ATP4,  a  subunit  of  the  proton  pump, 
these  studies  were  further  extended  into  mammalian  cells,  demonstrating  that  proton-pump  is  at 
least  partially  required  for  Bax  to  kill  both  yeast  and  mammalian  cells.  Our  progress  over  the 
past  year  is  summarized  in  this  report. 


(6)  BODY 

Progress  on  BI-1. 

1.  Overexpression  of  BI-1  inhibits  drug-induced  apoptosis  in  FL5.12  cells. 
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Li  addition  to  protecting  cells  against  growth-factor  deprivation,  Bcl-XL  also  renders  cells 
more  resistant  to  some  chemotherapeutic  drugs  (Minn  et  ah,  1995).  To  determine  if  BI-1  has  a 
similar  function,  the  Bl-l-stable  FL5.12  clone  (C12)  that  displayed  strong  protection  against  IL-3 
deprivation  was  used  for  the  drug-sensitivity  test  (Xu  and  Reed,  1998;  also  see  1997  Annual 
Report).  As  shown  in  Figure  1,  overexpression  of  BI-1  rendered  FL5.12  cells  more  resistant  to 
etoposide,  a  topoisomerase  n  inhibitor  and  staurosporine,  a  kinase  inhibitor.  The  drug 
concentrations  used  here  were  prior  determined  by  dose  titration  to  be  effective  at  killing  FL5.12 
parental  cells.  Apoptosis  assay  was  performed  as  described  in  Minn  et  ah,  1995.  Thus,  all  our 
data  suggest  that  BI-1  inhibits  apoptosis  induced  by  various  stimuli. 

2.  BI-1  does  not  affect  Fas-induced  apoptosis. 

To  address  the  question  of  if  BI-1  functions  only  in  the  Bcl-2/Bax  cell  death  pathway,  we 
determined  if  BI-1  had  any  effect  on  Fas  induced  apoptosis  by  employing  a  transient  transfection 
assay  using  293  cells.  It  has  been  shown  before  that  transient  transfection  of  the  Fas  ligand¬ 
encoding  plasmid  into  293  cells  induces  apoptosis.  BI-1  did  not  inhibit  Fas-induced  apoptosis, 
similar  to  Bcl-2  (Figure  2).  As  a  positive  control,  an  apoptosis  inhibitor  XIAP  strongly  inhibited 
Fas-induced  apoptosis  in  the  same  experiment.  Thus,  the  function  of  BI-1  is  more  restricted  to 
the  Bcl-2/Bax  cell  death  pathway. 


3.  Antisense  inhibition  of  BI-1  induces  apoptosis. 

The  above  functional  data  indicate  that  overexpression  of  BI-1  can  inhibit  apoptosis 
caused  by  a  wide  range  of  stimuli,  suggesting  that  the  BI-1  functions  to  promote  cell  survival.  If 
this  is  the  case,  then  cells  may  not  be  able  to  survive  when  BI-1  function  is  compromised.  We 
tested  this  hypothesis  by  employing  an  antisense  approach.  It  has  been  well  documented  that 
antisense  DNA  can  reduce  the  expression  of  the  corresponding  gene.  The  complete  BI-1  cDNA 
was  cloned  into  pcLieo  vector  (containing  a  5’  intron  that  renders  transcripts  more  stable)  in 
reversed  orientation.  The  resulting  plasmid  was  transiently  transfected  into  293  cells,  together 
with  a  GFP-marker  plasmid  to  visualize  transfected  cells.  To  demonstrate  that  antisense  BI-1 
construct  specifically  inhibited  the  production  of  BI-1  protein;  a  Flag-tagged  BI-1  plasmid  was 
co-transfected  with  BI-l-AS  into  293  cells.  As  shown  in  Figure  3B,  the  expression  of  BI-1-Flag 
decreased  significantly  in  BI-l-AS  transfected  cells.  The  effect  of  antisense  BI-1  was  also 
demonstrated  by  its  ability  to  inhibit  translation  of  BI-1  in  vitro  (data  not  shown).  Li  a  dose 
dependent  manner,  anti-sense  BI-1  induced  apoptosis  as  indicated  by  the  appearance  of 
fragmented  or  condensed  nuclei.  Among  transfected  cells,  about  20%  were  undergoing 
apoptosis,  significantly  higher  than  the  control  population  with  only  less  than  3%  apoptotic  cells 
(Figure  3  A).  Despite  that  the  apparent  effect  of  the  antisense  BI-1  was  not  as  profound  as  some 
apoptosis  stimuli,  these  data  nonetheless  suggest  that  BI-1  plays  an  important  role  in  cell 
survival,  since  antisense  DNA  can  only  inhibit  de  novo  synthesis  of  the  BI-1  protein  without 
having  nay  effect  on  the  pre-existing  BI-1  protein.  Thus,  we  demonstrate  from  both  sides  that 
BI-1  functions  to  promote  cell  survival  or  to  inhibit  apoptosis. 


4.  The  interaction  between  BI-1  and  BcI-2  is  mediated  through  the  BH4  domain  of  Bcl-2. 
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To  map  the  region  of  Bcl-2  which  interacts  with  BI-1,  we  tested  several  Bcl-2  mutants  for 
the  ability  to  co-immunoprecipitate  with  BI-1.  This  was  done  essentially  as  described  above; 
except  plasmids  containing  mutant  Bcl-2  were  used  in  transfection  to  substitute  for  the  wild-type 
Bcl-2.  Deletion  of  either  the  transmembrane  domain  (TM),  Helix  2  (BH3)  or  the  Helices  5  and  6 
(part  of  BHl  and  BH2)  did  not  affect  the  binding  capacity  to  BI-1  (data  not  shown).  In  contrast, 
deletion  of  the  BH4  domain  of  Bcl-2  abolished  the  interaction  between  Bcl-2  and  BI-1  (Figure 
4),  suggesting  that  the  BH4  domain  of  Bcl-2  mediates  the  interaction  between  Bcl-2  and  BI-1. 
This  provides  an  interpretation  for  the  ability  of  BI-1  to  bind  to  Bcl-2  or  Bcl-XL  (both  containing 
the  BH4  domain),  but  not  to  Bax  or  Bak  (both  lacking  the  BH4  domain). 

5.  BI-1  antibody  production 

We  have  attempted  to  raise  anti-BI-1  polyclonal  antibodies  in  rabbits.  We  initially  used 
an  N-terminal  peptide  of  BI-1 ,  conjugated  to  KLH,  and  injected  into  rabbit.  No  antibody  was 
produced  that  reacts  with  BI-1.  We  have  also  tried  to  use  C-terminal  BI-1  fused  to  the 
glutathione-S-transferase  (GST),  the  GST-BI-1  fusion  protein  was  produced  in  E.  coli,  purified, 
and  injected  into  rabbit,  but  no  immune  response  was  mounted  either.  A  likely  reason  for  this  is 
that  BI-1  protein  is  overall  extremely  hydrophobic  and  thus  not  very  antigenic.  We  will  try  to 
express  BI-1  in  insect  cells  using  baculovirus  expression  system  and  used  baculovirus-produced 
BI-1  protein  as  an  antigen  to  immunize  rabbits. 


Progress  on  BI-2. 

1.  BI-2  inhibits  Bax  induced  cell  death  in  yeast. 

BI-2  was  isolated  from  a  human  HepG2  cDNA  library  by  virtue  of  the  ability  to  inhibit 
Bax-induced  cell  death  in  yeast  (Details  on  HepG2  library  screen  are  described  in  Xu  and  Reed, 
1998).  Inhibition  of  Bax-induced  yeast  cell  death  by  BI-2  is  shown  in  Figure  5A. 


2.  The  C-terminus  of  BI-2  is  required  whereas  the  “Ring  finger”  is  dispensable  for  Bax 
inhibitor  activity  of  BI-2. 

The  BI-2  cDNA  contains  a  predicted  open  reading  frame  of  1,350  bp,  and  encodes  a 
protein  of  450  amino  acids.  No  gene  identical  to  BI-2  has  been  described  before  although  cDNA 
fragments  encompassing  different  regions  of  BI-2  are  found  in  the  EST  databases.  Thus  BI-2  is 
a  novel  gene.  BLAST  search  revealed  that  BI-2  has  a  "Ring  finger"  motif  in  the  N-terminal 
portion  of  the  protein.  Three  hydrophobic  stretches  are  also  identified  in  BI-2.  Furthermore,  a 
region  of  BI-2  is  weakly  homologous  to  the  "death  effector  domain"  (DED). 

BI-2  mutants  deleting  the  "Ring  finger"  motif  (BI-2AR)  and  missing  the  C-terminus  (from 
amino  acids  358-450;  BI-2AC)  were  generated  and  cloned  into  the  yeast  expression  vector 
p424GPD  (ATCC,  Rockland,  MD).  In  yeast,  BI-2AR  can  still  protect  against  Bax-induced  death, 
whereas  BI-2AC  has  lost  the  Bax-inhibitor  activity  (Figure  5B). 
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3.  BI-2  partially  inhibits  Bax  induced  apoptosis  in  293  cells. 

Having  cloned  BI-2  as  a  Bax  inhibitor  in  yeast,  the  key  question  then  was  if  BI-2  also 
functions  similarly  in  mammalian  cells.  To  address  this  question,  we  co-transfected  BI-2  and 
Bax-encoding  plasmid  in  the  human  embryonic  kidney  cells  line,  293.  As  shown  in  Figure  6,  in 
293  cells,  full-length  BI-2  partially  inhibited  Bax-induced  apoptosis  in  transient  transfection 
assays  (~  50%  reduction  in  percent  of  apoptosis).  Thus,  BI-2  functions  to  inhibit  Bax  induced 
cell  death  in  both  yeast  and  mammalian  cells. 

4.  BI-2  mRNA  is  expressed  in  various  human  tissues  at  the  mRNA  level. 

To  examine  the  expression  pattern  of  BI-2  in  human  tissues.  Northern  blot  analysis  was 
performed  using  polyCA)"^  RNA  from  eight  different  human  tissues.  As  shown  in  Figure  7,  BI-2 
is  expressed  in  all  the  human  tissues  examined,  including  heart,  brain,  placenta,  lung,  liver, 
skeletal  muscle,  kidney,  and  pancreas.  Interestingly,  two  different  size  transcripts  were  detected 
for  BI-1,  with  major  mRNA  of  3.0  kb  and  1.5  kb.  It  remains  to  be  determined  if  these  different 
size  transcripts  arise  from  alternative  splicing  mechanisms  and  if  they  encode  different  proteins. 

5.  BI-2  is  localized  to  intracellular  membranes. 

Bcl-2  and  Bax  are  mostly  in  intracellular  membranes,  with  majority  of  Bax  in  the  mitochondria, 
whereas  Bcl-2  is  in  the  endoplasmic  reticulum,  nuclear  envelope  and  mitochondria.  BI-1,  an 
inhibitor  of  Bax,  identified  through  the  same  library  screen  as  BI-2  was  also  found  to  be  in 
intracellualr  membranes  (Xu  and  Reed,  1998).  To  preliminarily  explore  the  intracellular  location 
of  BI-2,  BI-2  was  expressed  in  Cos-7  cells  (a  monkey  kidney  cell  line)  as  GFP  fusion,  using  the 
expression  plasmid  pEGFP-C2  which  encodes  a  double  mutant  of  GFP  with  brighter  fluorescent 
properties  than  the  wild-type  GFP.  Fluorescence  microscopy  demonstrated  that  BI-2  is  almost 
exclusively  associated  with  intracellular  membranes  in  a  pattern  typical  of  the  endoplasmic 
reticulum  (ER)  and  its  continuity  with  the  nuclear  envelope,  although  a  small  portion  of  BI-2 
may  be  in  Mitochodria. 

6.  BI-2  antibody  production. 


Using  BI-2  N-terminus  (amino  acids  1-139)  as  an  antigen  (fused  to  GST),  we  have  raised 
polyclonal  antibodies  against  BI-2.  This  BI-2  antiserum  recognizes  in  vitro  translated  full-length 
BI-2  and  BI-2AR.  It  also  recognizes  cells  overexpress  BI-2AR. 

We  noticed  that  full-length  BI-2  protein  is  only  expressed  at  very  low  levels  even  when  BI-2- 
encoding  plasmid  was  transiently  transfected  into  293  cells.  Interestingly,  BI-2AR  expresses  very 
well,  suggesting  that  the  “Ring  finger”  region  is  involved  in  preventing  BI-2  to  be  expressed  at 
high  levels.  One  possible  explanation  is  that  BI-2  is  highly  unstable  and  the  “Ring  finger”  region 
of  BI-2  mediates  interaction  with  certain  proteolysis  machinery. 


7.  BI-2  interacts  with  Bcl-2  but  not  Bax. 
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To  explore  the  mechanism  of  BI-2  action,  we  determined  if  BI-2  and  Bcl-2  family 
proteins  are  in  the  same  complex.  We  address  this  question  by  performing  co- 
immunoprecipitation  experiments.  For  this  purpose,  we  co-transfected  Bcl-2  with  Myc-tagged 
BI-2AR  (Myc-BI-2AR)  since  the  full  length  BI-2  does  not  express  well.  (It  should  be  noted  that 
293  cells  have  barely  detectable  endogenous  Bcl-2,  we  therefore  boosted  up  the  level  of  Bcl-2  by 
transfecting  in  a  Bcl-2  plasmid).  2  days  after  transfection,  cells  were  lysed  in  lysis  buffer 
containing  0.4  %  NP-40  and  immunoprecipitation  was  performed  by  diluting  the  extract  to  0.2  % 
NP-40.  Either  mouse  immunoglobulin  (mIgG,  as  a  negative  control)  or  the  anti-Myc  monoclonal 
antibody  9E10  was  used  to  pull  down  the  Myc-BI-2AR  immune  complex.  Western  blot  was  then 
performed  and  probed  with  anti-Bcl-2  antiserum.  As  shown  in  Figure  8,  Myc-tagged  BI-2AR 
co-immunoprecipitated  with  Bcl-2,  suggesting  that  these  two  proteins  are  indeed  in  the  same 
complex.  BI-2AR  was  also  found  to  interact  with  Bcl-XL,  a  close  relative  of  Bcl-2. 

We  performed  similar  experiments  to  determine  if  BI-1  interacts  with  Bax.  In  this  case, 
293  cells  were  co-transfected  by  Myc-tagged  BI-2AR  Avith  Bax,  lysed  and  immunoprecipitation 
was  carried  out  as  described  above.  We  found  that  BI-2  failed  to  co-immunoprecipitate  with  Bax. 
A  similar  observation  was  made  for  BI-1;  in  other  words,  both  BI-1  and  BI-2  interact  with  Bcl-2 
and  Bcl-XL,  but  not  Bax.  There  are  several  possible  interpretations.  It  is  possible  that  the 
interaction  between  BI-2  and  Bax  is  fairly  weak  and  it  may  be  technically  difficult  to  detect  this 
interaction.  Alternatively,  BI-2  may  indeed  do  not  interact  with  Bax,  and  the  observation  that  BI- 
2  can  functionally  inhibit  Bax  activity  is  mediated  through  a  third  protein. 


%  VIABILITY 


10 


A  B 

ETOPOSIDE  STAUROSPORINE 


FL5.12  stable  clones  were  cultured  in  normal  growth  medium  with  either  5  |J-g/ml  etoposide  (A) 

or  0.5  fiM  staurosporine.  The  percentage  of  viable  cells  was  determined  at  various  times  thereafter 
by  trypan  blue  dye  exclusion  assay.  Some  SD  bars  are  obscured  by  symbols. 


Figure  2.  BI-1  has  does  not  affect  Fas-induced  apoptosis 

293  cells  were  transfected  with  either  vector  control  or  co-transfected  with  0.5  |Xg  of  Fas-encoding 

plasmid  and  8  |rg  of  indicated  plasmids.  GFP-encoding  plasmid  (0.5  |xg)  was  included  in  all 
transfections.  20-h  after  transfection,  both  floating  and  adherent  cells  (after  trypsinization)  were 
pooled,  fixed,  and  stained  with  DAPI  (Zha  et  al.,  1996).  The  percentage  of  GIT*-positive  cells 
with  fragmented  nuclei  (apoptotic)  was  determined. 
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Figure  3.  Antisense  inhibition  of  BI-1  induces  apoptosis. 

(A)  293  cells  were  co-transfected  with  indicated  plasmids  plus  1  )Xg  GFP-encoding  plasmid. 

The  total  amount  of  plasmid  used  for  each  transfection  was  fixed  at  9  |Xg.  30-h  after  transfection,  both  the 
floating  and  adherent  cells  were  pooled,  fixed  and  stained  with  DAPI.  %  apoptosis  was  determined  as 
the  ratio  of  cells  with  fragmented  or  condensed  nuclei  among  transfected  cells. 

Data  shown  represent  three  independent  experiments  (mean  ±  SD,  n=3). 

(B)  Antisense  BI-1  specifically  inhibit  expression  of  the  BI-1  protein. 

293  cells  were  co-transfected  with  1  mg  BI-1 -Flag-encoding  plasmid  in  combination  with  either 

8  jxg  vector  or  antisense  BI-1  plasmid  (BI-1 -AS).  30-h  after  transfection,  protein  extracts  were  prepared 
and  subjected  to  SDS-PAGE  and  immunoblot  analysis  using  the  anti-Flag  M2  antibody  and 
an  anti -tubulin  antibody  (served  as  a  loading  control). 
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Figured  The  BH4  domain  ofBcl-2  mediates  the  interatiai  between  Bcl-2  and  BI-1. 

293  cells  were  transiently  transfected  with  either  Bcl-2-  or  Bcl-2ABH4-encoding 

plasmids  together  with  either  vector  control  plasmid  or  BI-l-Flag-encoding 

plasmid  2  days  after  transfecticMi,  cells  were  lysed  in  1  %  NP-40  buffer 

and  immunoprecipitations  were  performed  using  either  anti-Bcl-2  antiserum  or 

preimmune  rabbit  serum.  After  extensive  washing,  immune  complexes  were 

heated  at  42°C  for  1 5  min.  in  SDS  sample  buffer  and  subjected  to  SDS-PAGE/immuioblot 

analysis  using  an  antibody  specific  for  FLAG  (top  panel)  or  Bcl-2  (bottom  panel). 

“Lysates”  from  cells  transfected  with  Bcl-2-  or  Bcl-2ABH4-encoding  plasmids 
represented  1/20  input  used  for  immunoprecipitation. 
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Figure  5.  The  effect  of  BI-2  and  BI-2  mutants  on  Bax-induced  cell  death  in  veast. 

(A)  Either  control  vector  or  BI-1 -encoding  expression  plasmid  (isolated  from  the  HepG2  library) 
was  transformed  into  cells  of  yeast  strain  QX95001  (harboring  YEp51-bax).  Transformants  were 
streaked  on  galactose-containing  synthetic  medium  lacking  uracil  and  leucine. 

Photograph  was  taken  after  a  4-day  incubation  at  30°C. 

(B)  Yeast  expression  plasmids  containing  either  wild-type  BI-2  or  mutant  forms  of  BI-2  ( 

BI-2AR  and  BI-2AC),  or  empty  vector  were  transformed  into  cells  of  yeast  strain  QX95001  and  analyze 
as  described  in  (A). 
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Figure  6.  BI-2  protects  against  Bax-induced  apoptosis  in  293  cells. 

293  cells  were  transiently  transfected  with  9  |xg  of  vector  control,  or 
contransfectedwith  3  |Xg  of  Bax  plasmid  and  6  |Xg  of  either  vector  control, 

or  BI-2,  or  Bcl-2  plasmid.  1  |Xg  pEGFP-N2  vector  was  also  included  to  visualize 
transfected  cells.  24-h  after  trahsfecticm,  both  the  floating  and  adherent  cells 
were  pooled,  fixed  and  stained  with  DAPI.  The  percentages  of  apoptotic  cells  among 
transfected  population  were  calculated. 
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Figure  7.  Tissue  distribution  of  BI-2  mRNA. 

Human  poly  (A)+  RNA  derived  from  various  tissues  was  analyzed  by  Northern  blotting 

using  a  0.7-kb  fragment  of  BI-1  cDNA  as  a  probe.  Lanes  1-8  contain,  in  order, 

mRNA  from  human  heart,  brain,  placenta,  lung,  liver,  skeletal  muscle,  kidney,  and  pancreas. 
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Figure  8.  BI-2  interacts  with  Bcl-2. 

293  cells  were  transiently  transfected  with  plasmids  encoding  Bcl-2  and  Myc-BI-2AR. 

2  days  after  transfection,  cells  were  lysed  in  0.5  %  NP-40  containing  HKME  buffer 
and  immunoprecipitations  were  performed  (after  diluting  NP-40  concentration  to  0.2%) 
using  the  indicated  antibodies.  mlgGl  was  included  as  a  negative  control. 

Immune  complexes  and  input  (representing  ~  1/25  of  the  lysates  used  for  immunoprecipitation) 
were  subjected  to  SDS-PAGE  and  immunoblot  analysis  using  antisera  for  Bcl-2  and  BI-2. 
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Genetic  analysis  of  Bax-induced  cell  death  in  yeast. 

In  collaboration  with  another  postdoctoral  fellow  in  our  laboratory.  Dr.  Shigemi 
Matsuyama,  we  have  undertook  a  yeast  genetic  approach  as  described  in  the  original  proposal 
(Aim#4)  aimed  at  uncovering  yeast  genes  that  are  required  for  Bax-mediated  lethality  in  S. 
cerevisiae.  Through  this  analysis,  we  found  that  ATP4,  a  component  of  the  FoFl  ATPase,  is 
required  for  Bax  killing  of  both  yeast  and  mammalian  cells.  Our  findings  imply  that  an  intact 
FoFl  ATPase  in  the  inner  Mitochondria  membrane  is  necessary  for  optimal  function  of  Bax  in 
both  yeast  and  mammalian  cells. 

1.  ATP4  is  required  for  Bax-induced  lethality  in  yeast. 

By  mutagenizing  yeast,  we  have  isolated  a  number  of  yeast  mutants  that  rescue  yeast 
from  Bax-induced  cell  death.  Further  genetic  analysis  of  these  mutants  has  identified  one  single- 
genic  recessive  mutation.  We  focused  on  this  mutation  and  cloned  the  corresponding  wild-type 
yeast  gene  by  complementation  (Matsuyama  et  al.,  1998).  Nucleotide  sequence  analysis  revealed 
that  this  is  the  yeast  ATP4  gene,  which  encodes  the  subunit  4  of  the  yeast  FoFl-ATPase,  a 
proton-pump  located  in  the  inner  membrane  of  mitochondria  (Weber  and  Senior,  1997). 

Since  a  mutation  in  ATP4  renders  yeast  resistant  to  Bax-induced  cell  death,  we  further 
addressed  the  question  if  ATP4  is  required  for  Bax-induced  killing  of  yeast  by  utilizing  the  yeast 
strain  PVYIO  with  disrupted  ArP4  gene  (Velours  et  al.,  1989).  To  this  end,  PVYIO  yeast  cells 
were  transformed  by  &ax-containing  plasmid  and  empty  vector  control.  Yeast  cells  were  grown 
in  galactose-containing  medium  to  induce  Bax  expression  and  cell  viability  was  determined  by  a 
trypan  blue  dye  exclusion  assay  (Matsuyama  et  al.,  1998).  As  shown  in  Figure  9A,  ATP4 
knockout  yeast  was  indeed  resistant  to  Bax  killing.  Immunoblot  analysis  demonstrated  that  the 
ATP4  mutation  did  not  affect  production  of  Bax  protein  (data  not  shown).  Thus,  the  ATP4  gene 
is  required  for  Bax-mediated  killing  of  yeast. 

2.  Oligomycin,  a  proton-pump  inhibitor,  inhibits  Bax-mediated  yeast  cell  death. 

Oligomycin  binds  to  the  Fo  portion  of  the  yeast  and  mammalian  FoFl  ATPase  and  thus 
effectively  shuts  off  the  proton  pump  (Tzagoloff,  1970).  We  reason  that  if  the  proton  pump  is 
required  for  Bax-mediated  lethality  in  yeast,  then  turning  off  the  proton  pump  by  oligomycin 
should  render  wild-type  yeast  resistant  to  Bax.  This  hypothesis  was  tested  by  treating  Bax- 
containing  yeast  cells  with  oligomycin.  As  shown  in  Figure  9B,  oligomycin  partially  inhibited 
Bax-induced  killing  of  yeast.  Under  these  conditions,  oligomycin  did  not  inhibit  the  growth  of 
yeast  due  to  their  ability  to  produce  sufficient  ATP  via  anaerobic  fermentation  (not  shown). 
Therefore,  similar  to  disruption  of  the  ATP4  gene,  a  pharmacological  inhibitor  of  the  FoFl 
ATPase  proton  pump  also  inhibits  Bax-induced  cell  death  in  yeast. 

3.  Oligomycin  also  inhibits  Bax-induced  apoptosis  in  mammalian  cells. 

We  further  determined  if  the  proton  pump  is  also  required  for  optimal  function  of  Bax  in 
mammalian  cells.  No  mammalian  cells  exist  that  harbor  mutations  within  subunits  of  the 
mitochondrial  FoFl  ATPase.  Thus  we  employed  pharmacological  intervention  using 
oligomycin.  Differing  from  yeast,  in  mammalian  cells  oligomycin  is  toxic  and  leads  to  either 
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apoptosis  or  necrosis,  depending  on  cell  type  and  circumstances  evaluated  (Castedo  et  al.,  1996). 
Cell  death  caused  by  oligomycin,  however,  can  be  delayed  by  increasing  the  concentration  of 
glucose  in  the  culture  medium,  which  helps  to  maintain  ATP  levels  through  glycolysis  (Eguchi  et 
al.,  1997;  Leist  et  al.,  1997).  We  determined  the  effect  of  oligomycin  in  human  293T  kidney 
epithelial  cells  grown  in  high  glucose  medium,  using  a  transient  Bax  transfection  assay  to  induce 
apoptosis  (Zha  et  al.,  1996).  For  all  experiments,  oligomycin  was  added  4  hours  after 
transfection,  apoptosis  was  measured  after  an  additional  8  hours  of  culturing.  Thus,  the 
experiments  were  performed  within  the  first  12  hour  after  Bax  transfection,  before  oligomycin 
caused  cell  death.  As  shown  in  Figure  10,  oligomycin  reduced  the  percentage  of  apoptotic  cells 
in  a  dose  dependent  manner.  In  contrast,  antimycin  A,  an  inhibitor  of  the  respiratory  complex  HI, 
did  not  impair  Bax  induced  apoptosis  under  these  conditions,  suggesting  that  proton  pump  is 
required  for  Bax-mediated  lethality,  whereas  respiration  is  not.  We  also  found  that  oligomycin 
inhibited  Bax-induced  caspase  activation  under  these  conditions  (Figure  lOB).  Thus,  based  on 
these  results,  we  conclude  that  the  FoFl  ATPase  is  either  required  for  the  optimal  function  of 
Bax  in  293  T  cells  or  enhances  the  ability  of  Bax  to  induce  apoptosis  in  these  human  cells. 

4.  Oligomycin  inhibits  p53-induced  apoptosis. 

We  also  examined  the  effect  of  oligomycin  on  Bax  induced  apoptosis  in  a  different  cellular 
context.  In  baby  rat  kidney  (BRK)  cells,  the  induction  of  apoptosis  by  p53  has  been  shown  to  be 
Bax-dependent  (Han  et  al.,  1996;  Sabbatini  et  al.,  1997).  We  therefore  employed  BRK  cells  that 
express  a  temperature-sensitive  mutant  of  p53,  and  examined  the  impact  of  oligomycin  on  p53- 
induced  apoptosis  in  these  cells.  As  in  the  prior  experiments,  these  cells  were  grown  in  high 
glucose  medium  to  maintain  ATP  levels  via  glycolysis.  As  shown  in  Figure  11  A,  oligomycin 
reduced  the  percentage  of  apoptotic  cells  when  BRK  cells  were  cultured  at  32  °C  to  activate  p53. 
In  contrast,  antimycin  A  had  no  apparent  effect  on  p53-induced  apoptosis  under  these  conditions. 
Western  blot  analysis  showed  that  neither  oligomycin  nor  antimycin  A  impaired  p53-induced 
expression  of  Bax  when  cells  were  grown  at  the  permissive  temperature  of  32  °C  (Figure  IIB). 
Taken  together,  these  data  provide  further  evidence  that  Bax-dependent  apoptosis  requires  the 
mitochondrial  FoFl  ATPase  proton  pump. 


In  the  past  year,  we  have  accomplished  tasks  18-21  (Aim#4)  proposed  in  the  original 
proposal,  although  further  studies  are  warranted  to  determine  the  underlying  mechanisms  by 
which  FoFl  ATPase  impinges  upon  cell  death  regulation.  We  have  either  accomplished  or 
partially  accomplished  tasks  22-28  in  the  revised  STATEMENT  OF  WORK. 
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Figure  9.  Yeast  with  inactive  FoFl  ATPase  are  resistant  to  Bax-induced  cell  death. 

(A)  Yeast  with  disrupted  ATP4  gene  are  resistant  to  Bax-induced  cell  death. 

Wild-type  (WT)  yeast,  ATP4  knockout  yeast  (ATP4-)  were  transformed  with  pGilda  (C)  or  pGilda- 
Bax  (Bax).  The  cells  were  grown  in  glucose-based  medium  and  then  transferred  to  galactose-based 
medium  to  induce  Bax  expression  from  the  GALl  promoter  in  pGilda  plasmids.  The  percentage  of 
trypan  blue  dye  excluding  cells  was  determined  at  various  times  after  transferring  to  galactose- 
containing  medium. 

(B)  FOFl-ATPase  proton-pump  inhibitor,  oligomycin,  attenuates  Bax-induced  Cell  death  in  yeast. 
Wild-type  yeast  containing  either  pGilda  (C)  or  pGilda-Bax  (Bax)  were  initially  cultured  in  glucose- 
containing  medium,  and  then  transferred  to  galactose-containing  medium  with  (closed  symbols)  or 
without  (open  symbols)  10  |i.M  oligomycin,  and  the  percentage  of  trypan  blue  dye  excluding  cells 
was  determined  at  various  times  thereafter. 
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Figure  10.  The  FoFl  ATPase  inhibitor  oligomycin  suppresses  Bax-induced  apoptosis  and  caspase 
activation. 

(A)  293T  cells  were  cultured  in  DMEM-high  glucose  medium  to  maintain  ATP  levels  by  glycolysis. 
4  hours  after  transfection  with  9  jAg  of  pcDNA-Bax  (Bax)  or  control  pcDNA  (C)  plasmid  with  1 
|i,g  of  pEGFP,  fresh  medium  containing  or  lacking  0, 0.1, 1,  or  10  p,M  oligomycin  or  10  p-M 
antimycin  A  was  used  to  replace  the  old  culture  medium.  After  an  additional  8  hour  of  culture, 
the  cells  were  collected  and  the  percentage  of  GFP  positive  cells  with  apoptotic  morphology  was 
determined  by  DAPI-staining. 

(B)  Lysates  derived  from  cells  that  had  been  cultured  with  or  without  10  |J.M  oligomycin  were 
prepared  and  normalized  for  total  protein  content,  and  caspase  activity  was  measured  based  on 
hydrolysis  of  DEVD-AFC  (Deveraux  et  al.,  1997). 
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Figure  11.  Oligomvcin  inhibits  p53-induced  apoptosis. 

BRK  cells  that  contain  temperature-sensitive  p53  (Han  et  al.,  1996)  were  maintained  at  a 
nonpermissive  temperature  of  39  °C,  then  cultured  at  32  °C  to  induce  p53  in  the  presence  or  absence 
of  0.1-10  |iM  oligomycin  or  10  pM  antimycin  A. 

(A)  the  percentage  of  dead  cells  was  determined  by  DAPI  staining  12  hours  after  shifting  to  32  °C. 

(B)  Lysates  were  prepared  from  BRK  cells  that  had  been  cultured  at  39  °C  (lanel)  as  a  control  (C)  or 
at  32  °C  (lane  2-4)  with  or  without  10  pM  oligomycin  or  10  pM  antimycin  A  for  12  hours.  5  pg 
total  protein  was  loaded  on  a  protein  gel  and  analyzed  by  immunoblotting  using  anti-Bax 
antiserum  with  ECL-based  detection.  The  same  blot  was  reprobed  with  anti-tubulin  to 
demonstrate  equal  loading. 
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(7)  CONCLUSIONS 

Previously  we  have  cloned  BI-1  and  BI-2  as  Bax  inhibitors.  Over  the  past  year, 
we  have  furthered  our  studies  on  BI-1  and  found  that  BI-1  can  inhibit  apoptosis  induced 
by  a  wide  variety  of  stimuli.  In  addition  to  overexpression  studies,  we  have  performed 
antisense  ablation  studies  and  found  that  decreasing  BI-1  protein  level  sensitizes  293  cells 
to  undergo  apoptosis.  We  have  mapped  the  domain  on  Bcl-2  required  for  the  interaction 
with  BI-1,  providing  explanation  for  the  previous  observation  that  BI-1  interacts  with 
Bcl-2  and  Bcl-XL  (both  containing  the  BH4  domain),  but  not  Bax  and  Bak  (both  lacking 
the  BH4  domain).  We  have  started  characterization  of  BI-2  and  found  that  BI-2  can  at 
least  partially  inhibit  Bax-induced  apoptosis  in  human  293  cells.  Similar  to  BI-1,  BI-2  is 
localized  to  intracellualr  membranes  and  interacts  with  Bcl-2  and  Bcl-XL,  but  not  Bax. 
Genetic  studies  of  Bax-mediate  lethality  also  progressed  well  and  led  to  the  identification 
of  the  FoFl-PATPase  as  a  critical  requirement  of  Bax  to  kill  yeast.  These  studies  resulted 
in  two  back-to-back  publications  in  the  journal  Molecular  Cell  (a  new  companion  journal 
to  Cell).  These  papers  are  attached  in  Appendix. 

Future  directions  involve  the  determination  of  the  effect  of  BI-2  on  apoptosis 
induced  by  a  variety  of  other  stimuli,  similar  to  studies  that  were  carried  out  for  BI-1. 

The  presence  of  a  potential  “DED”  death  effector  domain  raised  the  intriguing  possibility 
that  BI-2  may  functionally  bridge  between  Bcl-2  and  “DED”-containing  caspases.  Our 
preliminary  data  suggest  that  BI-2  specifically  interacts  with  some  caspases  but  not 
others.  We  are  currently  pursuing  these.  We  will  also  address  the  possibility  of  BI-1  and 
BI-2  as  potential  targets  of  anti-cancer  drugs;  initially  we  will  compare  the  expression  of 
BI-1  and  BI-2  in  normal  and  cancer  cell  lines  and  tissues  by  performing  immunoblot 
analysis  and  immunohistochemistry  studies. 
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Summary 

The  mammalian  proapoptotic  protein  Bax  confers  a 
lethal  phenotype  when  expressed  in  yeast.  By  ex¬ 
ploiting  this  phenotype,  we  have  identified  a  novel  hu¬ 
man  Bax  inhibitor,  BI-1.  BI-1  is  an  evolutionarily  con¬ 
served  integral  membrane  protein  containing  multiple 
membrane-spanning  segments  and  is  predominantly 
localized  to  intracellular  membranes,  similar  to  Bcl-2 
family  proteins.  Moreover,  BI-1  can  interact  with  Bcl-2 
and  BcI-Xl  but  not  Bax  or  Bak,  as  demonstrated  by  in 
vivo  cross-linking  and  coimmunoprecipitation  studies. 
When  overexpressed  in  mammalian  cells,  BI-1  sup¬ 
pressed  apoptosis  induced  by  Bax,  etoposide,  stauro- 
sporine,  and  growth  factor  deprivation,  but  not  by  Fas 
(CD95).  Conversely,  BI-1  antisense  induced  apoptosis. 
BI-1  thus  represents  a  new  type  of  regulator  of  cell 
death  pathways  controlled  by  Bcl-2  and  Bax. 

Introduction 

Bcl-2  family  proteins  are  centrally  involved  in  control 
of  programmed  cell  death  (PCD),  with  some  inhibiting 
(Bcl-2  and  BcI-Xl)  and  others  promoting  (Bax  and  Bak) 
apoptosis  (reviewed  in  Reed,  1994;  Yang  and  Kors- 
meyer,  1996;  Kroemer,  1997).  The  ability  of  Bcl-2  family 
proteins  to  regulate  cell  life  and  death  is  conserved 
across  evolution.  For  example,  the  nematode  Caeno- 
rhabditis  elegans  contains  a  Bcl-2  homolog,  CED-9,  that 
is  essential  for  the  viability  of  these  animals,  and  expres¬ 
sion  of  the  human  Bcl-2  protein  in  C.  elegans  can  rescue 
CED-9-deficient  worms  (Vaux  et  a!.,  1992;  Hengartner 
and  Horvitz,  1994).  The  human  Bcl-2  protein  can  also 
block  apoptotic  cell  death  in  insect  cells  (Alnemri  et  al., 
1992),  and  human  Bcl-2  can  protect  some  mutant  yeast 
strains  from  death  induced  by  oxidative  injury  (Kane  et 
al.,  1993). 

The  biochemical  mechanism  of  action  of  Bcl-2  and 
its  homologs  is  controversial  (reviewed  by  Reed,  1 997a). 
Recent  determination  of  the  three-dimensional  structure 
of  BcI-Xl  suggests  similarity  to  the  pore-forming  do¬ 
mains  of  some  bacterial  toxins,  particulariy  diphtheria 
toxin  and  the  coiicins  (Muchmore  et  al.,  1996).  These 
toxins  function  by  forming  channels  in  membranes  that 
transport  either  ions  or  proteins  (Donovan  et  al.,  1981; 
Cramer  et  al.,  1 995).  Several  members  of  the  Bcl-2  fam¬ 
ily,  Including  Bcl-2,  BcI-Xl,  and  Bax,  are  capable  of  form¬ 
ing  ion-conducting  channels  in  synthetic  membranes  in 
vitro  (Antonsson  et  al.,  1 997;  Minn  et  al.,  1 997;  Schendel 
et  al.,  1997;  Schlesinger  et  al.,  1997).  Thus,  some  Bcl-2 
family  proteins  may  have  intrinsic  activities  as  channel 

*To  whom  correspondence  should  be  addressed. 


proteins,  irrespective  of  other  functions  related  to  their 
ability  to  interact  with  several  types  of  proteins  in  cells 
(Reed,  1997a). 

The  mammalian  Bax  protein  confers  a  lethal  pheno¬ 
type  when  expressed  in  either  the  budding  yeast  Sac- 
charomyces  cerevisiae  or  the  fission  yeast  Schizosac^ 
charomyces  pombe  (Sato  et  al.,  1994;  Greenhalf  et  al., 
1996;  Zha  et  al.,  1996;  Ink  et  al.,  1997;  Jurgensmeier  et 
al.,  1997).  The  cell  death  induced  by  Bax  or  its  close 
relative  Bak  is  not  attributable  to  nonspecific  toxicity 
caused  by  overexpression  of  a  heterologous  protein, 
since  antiapoptotic  Bcl-2  proteins  can  rescue  yeast  from 
Bax/Bak-induced  lethality.  Moreover,  mutants  of  Bcl-2 
and  BcI-Xl  that  fail  to  protect  in  mammalian  cells  are 
inactive  at  suppressing  Bax-induced  cell  death  in  yeast. 
In  addition,  certain  mutations  of  Bax  and  Bak  that  abol¬ 
ish  their  proapoptotic  function  in  mammalian  cells  also 
abrogate  their  lethal  effects  in  yeast  (Zha  et  al.,  1996; 
Ink  et  al.,  1 997).  Recently,  Bax  has  been  shown  to  induce 
release  of  cytochrome  c  from  mitochondria  in  yeast  (Ma- 
non  et  al.,  1997),  which  further  suggests  commonalities 
in  the  mechanisms  by  which  Bax  induces  death  in  yeast 
and  mammalian  cells,  given  that  apoptosis  is  often  asso¬ 
ciated  with  release  of  cytochrome  c  from  mitochondria 
in  mammalian  cells  (reviewed  by  Reed,  1 997b).  In  addi¬ 
tion,  a  requirement  for  the  FoFi-ATPase  proton  pump  of 
mitochondria  has  been  demonstrated  for  optimal  cell 
death-inducing  function  of  Bax  in  both  yeast  and  mam¬ 
malian  cells  (Matsuyama  et  al.,  1 998  [this  issue  of  Molec¬ 
ular  Ce/fl). 

By  exploiting  the  lethal  phenotype  of  Bax  in  yeast,  we 
reasoned  that  it  should  be  possible  to  Identify  mamma¬ 
lian  proteins  that  suppress  Beix  function  by  screening 
cDNA  expression  libraries  for  clones  that  rescue  yeast 
from  Bax-mediated  cell  death. 


Results 

cDNA  Cloning  of  Human  BI-1 

A  yeast  strain  (QX95001)  was  constructed  by  trans¬ 
forming  the  Bax-expresslon  plasmid  YEp51-Bax,  en¬ 
coding  the  full-length  mouse  Bax  protein  under  the  con¬ 
trol  of  the  galactose-inducible  yeast  GAL10  promoter 
(Zha  et  al.,  1996),  into  strain  BF264-15Dau  (Lew  et  al., 
1 991 ).  These  yeast  cells  died  upon  transfer  from  glucose 
to  galactose-containing  medium,  which  induces  the 
GAL10  promoter  in  this  plasmid  and  leads  to  accumula¬ 
tion  of  Bax  protein  in  yeast  (Zha  et  al.,  1996).  A  human 
HepG2  cDNA  expression  library  (Lew  et  al.,  1991)  was 
transformed  into  the  QX95001  strain  and  screened  for 
Bax-resistant  transformants  by  plating  on  galactose- 
containing  solid  medium.  From  a  screen  of  M  0®  trans¬ 
formants,  17  displayed  Bax  resistance.  Of  these,  4  were 
determined  to  be  dependent  on  the  introduced  cDNA- 
library  plasmid  by  “con-commitant-loss”  assay  (Ausubel 
et  al.,  1991).  The  nucleotide  sequences  of  3  of  these 
cDNA  clones  encoded  the  same  protein,  designated 
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Figure  1 .  Bl-1  Suppresses  Bax-Induced  Yeast  Cell  Death 
Either  control  vector  or  Bl-1  -encoding  expression  plasmid  (isolated 
from  the  HepG2  library)  was  transformed  into  cells  of  yeast  strain 
QX95001  (harboring  YEp51 -Bax). 

(A)  Transformants  were  streaked  on  galactose-containing  synthetic 
medium  lacking  uracil  and  leucine.  Photograph  was  taken  after  a  4 
day  incubation  at  30°C. 

(B)  Protein  extracts  were  prepared  from  QX95001  transformants 
used  in  (A)  that  contained  control  or  Bl-1  -encoding  plasmids.  Cells 
were  grown  in  glucose- containing  medium  (D  =  dextrose)  and  then 
transferred  to  galactose-containing  medium  (G)  for  20  hr.  Total  pro¬ 
tein  extracts  (20  |xg/lane)  were  subjected  to  SDS-PAGE  and  immu- 
noblot  analysis  using  anti-mBax  antiserum. 
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Figure  2.  BI-1  Is  an  Evolutionarily  Conserved  Protein  with  Several 
Predicted  Membrane-Spanning  Domains 

The  predicted  amino  acid  sequences  of  human,  rat,  and  mouse  Bl- 
1  -proteins,  as  well  as  the  homologous  C.  elegans  and  Arabidopsis 
proteins  are  aligned,  with  identical  residues  in  boxes.  The  predicted 
6  TM  domains  of  the  human  Bl-1  protein  are  indicated  in  brackets. 


Bl-1 ,  for  Bax  Inhibitor-1 .  BI-1  did  not  interfere  with  pro¬ 
duction  of  the  Bax  protein  in  yeast,  as  determined  by 
immunoblot  analysis  (Figure  1), 

The  Predicted  Bl-1  Protein  Contains  Several 
Membrane-Spanning  Segments 
All  three  Bl-1  cDNAs  obtained  by  the  functional  yeast 
screen  contained  an  open  reading  frame  (ORF)  encoding 
a  predicted  protein  of  237  amino  acids.  The  predicted 
AUG  start  codon  for  this  ORF  was  within  a  favorable 
context  for  translation  initiation  (Kozak,  1 997)  and  was 
preceded  by  an  in-frame  stop  codon.  A  search  against 
the  available  nucleotide  sequence  databases  using  the 
BLAST  program  (Altschul  et  al.,  1 990)  revealed  that  Bl-1 
is  essentially  identical  to  TEGT  (“testis  enhanced  gene 
transcript”),  a  cDNA  previously  cloned  fortuitously  dur¬ 
ing  an  attempt  to  identify  testis-specific  genes  (Walter 
et  al.,  1995).  The  rat  TEGT  protein  has  also  been  de¬ 
scribed  and  shares  90%  identity  (95%  similarity)  with  the 
human  protein  (Walter  et  al.,  1 994).  Additional  previously 
undescribed  homologs  of  Bl-1  were  also  identified  by 
BLAST  searches  in  mouse,  and  possibly  in  the  nema¬ 
tode  C.  elegans  and  the  plant  Arab/dops/s  thaliana.  The 
mouse  Bl-1  protein,  as  deduced  from  ESTs  #AA01 51 24, 
AA275830,  AA467259,  AA1 07704,  and  W59401  is  237 
amino  acids  In  length  and  shares  92%  identity  (95% 
similarity)  with  the  human  Bl-1  protein  (Figure  2).  The 
C.  elegans  ORF  (EMBL  #020241)  encodes  a  protein  of 
241  amino  acids  that  shares  21%  overall  amino  acid 
identity  (37%  similarity)  with  human  Bl-1 .  This  percent¬ 
age  homology  shared  by  the  nematode  and  mammalian 
Bl-1  is  similar  to  that  reported  for  Ced-9  and  Bcl-2, 


which  share  only  23%  identity  in  their  amino  acid  se¬ 
quences.  The  putative  Arabidopsis  homolog  (EMBL 
#Z97343)  is  261  residues  in  length,  sharing  29%  amino 
acid  sequence  identity  (45%  similarity)  with  the  human 
Bl-1  protein. 

Based  on  Kyte-Doolittle  hydropathy  analysis  (Kyte 
and  Doolittle,  1982),  the  Bl-1  protein  is  predicted  to 
contain  6  or  7  transmembrane  (TM)  domains.  The  C 
termini  of  the  mammalian  BI-1  proteins  are  comprised 
of  basic  amino  acids  resembling  some  nuclear  targeting 
sequences  (Dingwall  and  Laskey,  1991),  but  otherwise 
the  predicted  proteins  lack  motifs  that  suggest  a  func¬ 
tion.  Of  note,  Bl-1  does  not  contain  any  of  the  conserved 
BH  domains  of  Bcl-2  family  proteins.  By  searching  a 
transmembrane  protein  database  (TMbase)  using  the 
TMpred  program  (Hofmann  and  Stoffel,  1 993),  the  most 
favored  membrane  topology  for  mammalian  Bl-1  is  with 
6  membrane-spanning  domains  and  both  the  N  and  C 
termini  oriented  toward  the  cytosol.  The  putative  trans¬ 
membrane  segments  are  predicted  to  assume  mostly  an 
a-helical  conformation.  Triton  X-1 14  partitioning  studies 
confirmed  that  Bl-1  is  an  integral  membrane  protein 
(data  not  presented).  RNA  blot  analysis  indicated  that 
Bl-1  is  widely  expressed  in  vivo,  Including  heart,  brain, 
placenta,  lung,  liver,  skeletal  muscle,  kidney,  and  pan¬ 
creas  (not  shown). 

Bl-1  Inhibits  Bax-Induced  Apoptosis 
in  Mammalian  Cells 

Transient  transfection  of  Bax-encoding  expression  plas¬ 
mids  induces  apoptosis  in  the  human  embryonic  kidney 
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Figure  3.  BM  Inhibits  Cell  Death  Induced  by 
Bax  or  Serum  Withdrawal  but  Not  Fas 

(A)  Bl-1  protects  against  Bax-induced  apo¬ 
ptosis  in  293  cells.  293  cells  were  transfected 
with  either  9  fig  of  vector  control,  or  cotrans¬ 
fected  with  3  fig  of  Bax  plasmid  and  6  fig  of 
either  control  vector  {pcDNA3)  or  plasmids 
encoding  Bl-1  (with  a  C-terminal  HA  tag)  or 
Bcl-2.  One  day  after  transfection,  floating 
ceils  and  adherent  cells  (after  trypsinization) 
were  pooled.  A  portion  of  the  pooled  cells 
was  subjected  to  vital  dye  trypan  blue  exclu¬ 
sion  assay  counting  at  least  300  cells  (mean  ± 
SD;  n  =  3). 

(B)  Extracts  were  prepared  from  another  por¬ 
tion  of  the  transiently  transfected  293  cells 
described  in  (A)  above  and  subjected  to  SDS- 
PAGE/immunoblot  analysis.  The  blot  was  se¬ 
quentially  probed  with  anti-HA  monoclonal 
antibody,  anti-hBax  antiserum,  and  anti-Bcl-2 
antiserum,  with  stripping  between  each  de¬ 
tection.  The  predicted  band  corresponding 
to  the  -30  KD  Bl-1 -HA  protein  is  indicated 
with  an  arrow. 

(C)  293  cells  were  transiently  transfected  with 
either  vector  control  (9  fig)  or  cotransfected 
with  3  fig  of  Bax  plasmid  and  6  fig  of  either 
BI-1-GFP  or  BcI-2  plasmid.  Trypan  blue  dye 

positive  cells  (%)  were  determined  1  day  later  (mean  ±  SD;  n  =  3).  The  expression  of  GFP-tagged  Bl-1  was  verified  by  fluorescence  microscopy 
and  by  immunoblotting  using  an  anti-GFP  monoclonal  antibody  (now  shown). 

(D)  GM701  cells  were  cotransfected  with  a  (3-gal  reporter  plasmid  (0.5  fig)  and  the  Indicated  plasmids  (4.5  fig  each).  1 8  hr  after  transfection, 
cells  were  washed  and  cultured  in  DM  EM  containing  0.1  %  FBS  for  another  30  hr.  Floating  and  adherent  cells  were  fixed  and  stained  with 
X-gal.  The  percentage  of  blue  cells  (transfected)  with  apoptotic  morphology  was  determined  (mean  ±  SD;  n  =  3). 

(E)  293  cells  were  transfected  with  either  vector  control  (8.5  fig)  or  cotransfected  with  0.5  fig  of  Fas-encoding  plasmid  and  8  fig  of  either 
vector,  or  Bl-1  -GFP-,  or  Bcl-2-  or  XIAP-encoding  plasmids.  GFP-encodIng  plasmid  (0.5  fig)  was  included  in  all  transfections.  20  hr  after 
transfection,  both  floating  and  adherent  cells  (after  trypsinization)  were  pooled,  fixed,  and  stained  with  DAPI  (Zha  et  al.,  1 996).  The  percentage 
of  GFP-positive  cells  with  fragmented  or  condensed  nuclei  (apoptotic)  was  determined  (mean  ±  SD;  n  =  3). 


cell  line  293  (Zha  et  al.,  1996).  Consequently,  pcDNA3- 
hBax  was  cotransfected  with  equal  amounts  of  pcDNA3 
parental  vector  (used  as  a  negative  control),  pcDNA3- 
BI-1-HA  (HA-tagged  Bl-1),  or  pRc/CMV-Bcl-2  (used  as 
a  positive  control).  One  day  later,  both  the  floating  and 
adherent  cells  were  collected  and  subjected  to  the  try¬ 
pan-blue  vital  dye  exclusion  assay.  Bl-1  suppressed 
Bax-induced  cell  death  in  293  cells  to  a  similar  extent 
as  Bcl-2  (Figure  3A).  DAPI  staining  of  293  cell  nuclei 
confirmed  that  Bax-induced  cell  death  occurred  by 
apoptosis  (not  shown).  Immunoblot  analysis  demon¬ 
strated  that  Bl-1  does  not  interfere  with  Bax  production 
in  293  cells  (Figure  3B). 

Bl-1  Inhibits  Apoptosis  Induced  by  Growth  Factor 
Deprivation,  Etoposide,  and  Staurosporine, 
but  Not  Fas 

The  effects  of  Bl-1  overexpression  on  apoptosis  induced 
by  a  variety  of  stimuli  were  explored.  For  many  of  these 
experiments,  we  employed  a  green  fluorescent  protein 
(GFP)-tagged  Bl-1 ,  because  it  provided  a  convenient 
marker  for  transfected  cells  and  because  Bl-1 -GFP  ac¬ 
cumulated  to  higher  levels  than  the  Bl-1  -HA  protein  (not 
shown).  Transient  transfection  studies  in  293  cells  con¬ 
firmed  that  the  Bl-1 -GFP  protein  retained  biological 
activity  as  a  suppressor  of  Bax-induced  cell  death  (Fig¬ 
ure  3C). 

In  the  human  diploid  fibroblast  line  GM701 ,  ^^30%  of 
the  cells  transfected  with  control  GFP-marker  plasmid 


developed  morphological  characteristics  typical  of  apo¬ 
ptosis  when  deprived  of  serum  for  ^30  hr.  In  contrast, 
GM701  cells  transfected  with  plasmids  encoding  BI-1- 
GFP  or  Bcl-2  were  substantially  more  resistant  to  serum 
deprivation,  with  only  M0%  of  the  cells  undergoing 
apoptosis  (Figure  3D).  Thus,  Bl-1  is  able  to  suppress 
apoptosis  induced  by  growth  factor  withdrawal  in 
GM701  fibroblasts. 

In  many  types  of  cells,  apoptosis  induced  by  the  TNF- 
famlly  receptor  Fas  (CD95)  is  poorly  abrogated  by  Bcl-2 
(reviewed  by  Vaux  and  Strasser,  1996).  We  therefore 
compared  the  effects  of  Bcl-2  with  Bl-1  in  293  cells 
where  apoptosis  was  induced  by  transfection  of  Fas. 
Cotransfection  of  either  Bl-1  or  Bcl-2  with  a  Fas-encod- 
ing  plasmid  failed  to  prevent  apoptosis  (Figure  3E).  In 
contrast,  Fas-induced  cell  death  was  markedly  sup¬ 
pressed  by  cotransfection  of  a  plasmid  encoding  XIAP, 
a  protein  that  directly  binds  to  and  inhibits  caspases 
required  for  Fas-induced  apoptosis  (Deveraux  et  al., 
1997). 

To  further  explore  the  role  of  Bl-1  as  an  apoptosis 
inhibitor,  we  examined  its  effects  in  FL5.1 2,  an  interleu- 
kin-3-dependent  pro-B  lymphocyte  clone  previously 
shown  to  undergo  apoptosis  when  deprived  of  IL-3. 
FL5.1 2  cells  were  stably  transfected  with  plasmids  en¬ 
coding  Bl-1 -GFP  or  Bcl-2  (as  a  positive  control)  and 
subclones  obtained  that  expressed  Bl-1  or  Bcl-2  at  high 
levels.  Bl-1  transfectants  were  uniformly  more  resistant 
to  apoptosis  induction  by  IL-3  deprivation,  with  the  ex¬ 
tent  of  protection  correlating  roughly  with  the  levels  of 
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Figure  4.  BI-1  Protects  against  Multiple  Apo- 
ptotic  Stimuli  in  FL5.12  Lymphocytes 

(A)  BI-1  inhibits  IL-3  withdrawal -induced 
apoptosis  in  FL5.1 2  cells.  Stably  transfected 
cell  lines  expressing  GFP-tagged  BI-1  or  un¬ 
tagged  Bcl-2  were  generated  by  electropora¬ 
tion.  Independent  clones  were  obtained  by 
limiting-dilution  for  BI-1  (clone  1 2  and  1 9)  and 
Bcl-2  (clone  3).  Cells  were  grown  to  a  density 
of  ^5  X  10®  cells/ml  before  removing  IL-3 
from  the  medium.  At  various  times  thereafter, 
samples  were  removed  and  subjected  to  try¬ 
pan  blue  dye  exclusion  assay  (mean  ±  SD; 
n  =  3). 

(B)  Expression  of  GFP-tagged  BI-1  assessed 
by  FACS  analysis.  Stably  transfected  FL5.1 2 
cells  containing  either  a  negative  control 
plasmid  (pcDNA3)  (top  panel)  or  plasmid  en¬ 
coding  BI-1-GFP  were  analyzed  by  FACS. 
The  histograms  are  presented  for  clone  12 
(middle  panel),  which  expresses  B1-1-GFP  at 
high  levels,  as  manifested  by  a  single  peak 
of  green  fluorescence  at  >2  logs  above  the 
negative  control  (top  panel)  and  for  clone  1 9 
(bottom  panel),  which  expresses  BI-1  -GFP  at 
levels  only  ^0.5  log  above  background. 

(C  and  D)  FL5.12  cells  were  cultured  with  IL-3 
and  either  5  |xg/ml  etoposide  (C)  or  0.5  fxM 
staurosporine.  The  percentage  of  viable  cells 
was  determined  at  various  times  thereafter 
by  trypan  blue  dye  exclusion  assay  (mean  ± 
SD;  n  =  3).  Some  SD  bars  are  obscured  by 
symbols. 


BI-1 -GFP  protein.  Figure  4A  presents  results  from  two 
clones,  one  with  only  modest  and  another  with  high 
levels  of  BI-1  -GFP  protein  production.  Note  that  even 
clones  with  low  levels  of  BI-1 -GFP  protein  exhibited 
some  resistance  to  IL-3  deprivation,  whereas  clones 
expressing  high  levels  of  BI-1 -GFP  protein  displayed 
pronounced  resistance  to  apoptosis  induction  by  IL-3 
withdrawal,  with  the  prolongation  in  cell  survival  ap¬ 
proaching  that  seen  in  Bcl-2-transfected  FL5.12  cells. 
BI-1  overexpression  also  afforded  protection  in  FL5.12 
cells  against  apoptosis  induced  by  etoposide  and  stau¬ 
rosporine.  Comparisons  of  FL5.1 2  cell  clones  with  vari¬ 
ous  levels  of  BI-GFP  expression  suggested  that  BI-1 
was  generally  somewhat  less  effective  than  Bcl-2  at 
conferring  resistance  against  these  agents  (Figures  4C 
and  4D,  and  data  not  shown). 

Taken  together,  the  transfection  experiments  in  mam¬ 
malian  cells  (Figures  3  and  4)  demonstrate  that  BI-1 
has  antiapoptotic  activity  in  epithelial,  fibroblastic,  and 
hematopoietic  cells,  and  suggest  that  BI-1  shares  func¬ 
tional  similarity  with  Bcl-2  in  delaying  cell  death  induced 
by  Bax,  growth  factor  deprivation,  staurosporine,  and 
etoposide,  but  not  Fas. 

BI-1  Antisense  Induces  Apoptosis 
A  BI-1  cDNA  was  subcloned  Into  pcI-Neo  in  reversed 
orientation  and  transiently  transfected  Into  293  cells. 


together  with  a  GFP-marker  plasmid.  The  BI-1  anti- 
sense  (AS)  plasmid  induced  apoptosis  of  293  cells  in  a 
concentration-dependent  manner,  whereas  control  plas¬ 
mid  had  no  effect  (Figure  5A).  Lacking  antibodies  for 
detection  of  endogenous  BI-1  protein  to  verify  anti- 
sense-mediated  down -regulation  of  BI-1  protein,  paral¬ 
lel  experiments  were  performed  in  which  293  cells  were 
cotransfected  with  plasmids  encoding  BI-1  -Flag  protein 
and  the  BI-1 -AS  plasmid.  As  shown  in  Figure  5B,  the 
levels  of  BI-1  -Flag  protein  were  markedly  decreased  in 
293  cells  that  received  the  BI-1 -AS  plasmid  compared 
to  control  transfected  cells,  as  determined  by  immu- 
noblotting.  In  contrast,  the  B1-1-AS  plasmid  had  no  ef¬ 
fect  on  the  levels  of  tubulin  or  other  proteins  examined, 
confirming  the  specificity  of  the  results.  These  antisense 
experiments  provide  further  evidence  that  BI-1  regulates 
apoptosis  in  mammalian  cells. 

BI-1  Is  Located  in  Intracellular  Membranes 
Similar  to  Bcl-2 

The  Bcl-2  and  BcI-Xl  proteins  are  associated  with  intra¬ 
cellular  membranes,  primarily  the  outer  mitochondrial 
membrane,  endoplasmic  reticulum,  and  nuclear  enve¬ 
lope  (Krajewski  et  al.,  1993;  Gonzalez-Garcia  et  al., 
1994),  while  Bax  appears  to  be  localized  mostly  to  mito¬ 
chondria  (Zha  et  al.,  1996).  To  preliminarily  explore  the 
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Figure  5.  Bi-1  Antisense  Induces  Apoptosis 

(A)  293  cells  were  cotransfected  with  the  indicated  plasmids  plus  1 
jxg  of  GFP-encoding  plasmid.  The  total  amount  of  plasmid  used  for 
each  transfection  was  normalized  at  9  juig.  30  hr  after  transfection, 
both  the  floating  and  adherent  cells  were  pooled,  fixed,  and  stained 
with  DAPI.  The  percentage  of  apoptosis  was  determined  as  the  ratio 
of  cells  with  fragmented  or  condensed  nuclei  among  GFP-positive 
cells  (mean  ±  SD;  n  =  3).  Data  are  representative  of  three  indepen¬ 
dent  experiments. 

(B)  293  cells  were  cotransfected  with  1  img  of  BI-1  -Flag-encoding 
plasmid  in  combination  with  either  8  img  of  pcI-Neo  or  pcI-Neo- 
BI-1-AS.  30  hr  after  transfection,  protein  extracts  were  prepared, 
normalized  for  total  protein  content  (30  jxg  per  lane),  and  subjected 
to  SDS-PAGE/immunoblot  analysis  using  the  anti-Flag  M2  antibody 
for  detection  of  BI-1  -Flag  protein  and  anti-tubulin  antibody  to  control 
for  loading. 

(C)  DAPI-stained  cells  as  described  in  (A)  were  visualized  and  photo¬ 
graphed  under  a  UV  microscope.  Note  at  least  four  typical  apoptotic 
cells  with  fragmented  or  condensed  nuclei  in  the  BI-1 -AS-trans- 
fected  population  (right  panel). 


intracellular  locations  of  the  BI-1  protein,  GFP-BI-1  pro¬ 
tein  was  expressed  in  several  different  adherent  cell 
lines  (293,  Cos-7,  GM701).  In  all  three  cell  lines,  fluores¬ 
cence  microscopy  demonstrated  that  BI-1  is  exclusively 
cytosolic  and  appears  to  be  associated  with  intracellular 
membranes  in  a  pattern  typical  of  the  endoplasmic  retic¬ 
ulum  (ER)  and  its  continuity  with  the  nuclear  envelope 
(Figure  6A  and  data  not  shown).  In  contrast,  GFP  control 
protein  was  diffusely  distributed  throughout  the  cells. 
Only  a  small  portion  of  BI-1  appears  to  be  associated 
with  mitochondrial  membranes,  based  on  two-color 
analysis  using  a  mitochondria-specific  fluorescent  dye 
(Figure  6B).  Similar  results  were  obtained  using  a  Flag- 
tagged  BI-1  protein  instead  of  GFP-BI-1  (Figure  6Ac). 

The  intracellular  location  of  Bl-1  was  also  explored  by 
subcellular  fractionation  experiments.  For  this  purpose, 
293T  cells  were  transiently  transfected  with  the  BI-1  - 
HA-encoding  plasmid  or  vector  control.  Cells  were  lysed 


in  hypotonic  buffer  2  days  later  and  separated  into  crude 
subcellular  fractions  of  nuclei  (N),  heavy  membranes 
(HM),  light  membranes  (LM),  and  cytosol  (C)  by  differen¬ 
tial  centrifugation  as  described  (Wang  et  al.^  1 996).  As 
'  shown  in  Figure  6C,  BI-1  was  found  mostly  ip  the  HM 
and  N  fractions  (inferred  as  nuclear  envelope  based  on 
the  GFP  fusion  localization  studies),  as  determined  by 
immunoblot  analysis  where  the  fractions  were  normal¬ 
ized  for  cell  equivalents.  A  small  proportion  of  the  Bl- 
1  -HA  protein  was  also  found  in  the  LM  fraction.  The  HM 
fraction  contains  mitochondria,  lysosomes,  and  rough 
ER,  whereas  the  LM  fraction  contains  smooth  ER,  endo- 
somes,  and  plasma  membranes.  As  a  control  for  the 
fractionation  procedure,  the  same  blot  was  reprobed 
with  antibodies  specific  for  the  mitochondrial  inner  mem¬ 
brane  protein  Fi-p-ATPase,  the  nuclear  protein  PARP, 
and  the  cytosolic  protein  CPP32  (caspase-3).  Bcl-2  was 
found  essentially  In  the  same  subcellular  compartments 
as  BI-1 ,  with  most  of  this  protein  associated  with  the 
HM  and  N  fractions  (Figure  6C).  We  conclude  therefore 
that  BI-1  is  associated  with  intracellular  membranes, 
based  on  GFP-tagging  experiments,  immunofluorescence' 
microscopy,  and  subcellular  fractionation  studies. 

Recently,  it  was  reported  that  a  subpopulation  of  Bax 
molecules  in  cells  are  not  integrated  into  membranes, 
but  rather  are  found  within  a  soluble  cytosolic  fraction, 
with  the  relative  proportion  of  membrane-associated 
Bax  increasing  after  application  of  apoptotic  stimuli  (Hsu 
et  al.,  1997).  Comparisons  of  BI-1-  and  control-trans¬ 
fected  293T  cells,  however,  demonstrated  that  BI-1  does 
not  substantially  change  the  relative  amounts  of  Bax 
protein  associated  with  various  subcellular  compart¬ 
ments  (Figure  6C). 


BI-1  Associates  with  Bcl-2  In  Vivo 
The  subcellular  fractionation  data  suggest  that  BI-1  and 
Bcl-2  colocalize  to  the  same  intracellular  membranes. 
To  address  the  question  of  whether  BI-1  and  Bcl-2  phys¬ 
ically  associate  in  membranes,  we  performed  in  vivo 
cross-linking  experiments.  Plasmids  encoding  either 
Flag-tagged  or  HA- tagged  BI-1  were  cotransfected  with 
Bcl-2  into  293  cells.  Cells  were  then  incubated  2  days 
later  with  the  thiol-cleavable  chemical  cross-linker 
DTBP.  As  shown  in  Figure  7A,  both  the  HA-  and  Flag- 
tagged  BI-1  proteins  could  be  cross-linked  to  Bcl-2, 
suggesting  that  BI-1  and  Bcl-2  come  within  close  prox¬ 
imity  to  each  other  in  membranes.  In  contrast,  Bax  was 
not  cross-linked  to  BI-1  (data  not  shown). 

To  further  explore  the  interaction  of  BI-1  with  Bcl-2 
family  proteins,  we  attempted  to  coimmunoprecipitate 
BI-1  with  Bcl-2,  BcI-Xl,  Bax,  and  Bak.  For  these  experi¬ 
ments,  293  cells,  which  contain  high  levels  of  Bak  but 
very  little  endogenous  Bcl-2,  BcI-Xl,  or  Bax,  were  trans¬ 
fected  with  Bcl-2,  BcI-Xl,  or  Bax-expression  plasmids 
and  either  Flag-tagged  BI-1  plasmid  or  empty  vector.  As 
shown  in  Figure  7B,  Flag-tagged  BI-1  protein  specifically 
coimmunoprecipitated  with  Bcl-2,  and  BcI-Xl  but  not 
Bax  or  Bak.  Testing  of  several  deletion  mutants  of  Bcl-2 
revealed  that  the  BH4  domain  is  required  for  interactions 
with  Bl-1  (not  shown).  This  domain  is  uniquely  found  in 
antiapoptotic  but  not  most  proapoptotic  members  of 
the  Bci-2  family  (Reed,  1 997a),  presumably  explaining 
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why  Bcl-2  and  BcI-Xl  but  not  Bax  and  Bak  form  com¬ 
plexes  with  BI-1 . 

Discussion 

By  undertaking  a  functional  screen  for  Bax  suppressors 
in  yeast,  we  have  identified  a  novel  human  apoptosis 
inhibitor,  BI-1 .  BI-1  is  highly  conserved  throughout  evo¬ 
lution.  It  shares  no  identifiable  similarity  to  Bcl-2  family 
proteins  or  any  other  proteins  implicated  in  PCD.  Thus, 
BI-1  represents  a  novel  type  of  apoptosis  modulator. 
Interestingly,  however,  the  predicted  transmembrane 
topology  and  intracellular  location  of  the  BI-1  protein 
are  somewhat  similar  to  the  presenilins,  PS-1  and  PS-2, 
which  have  been  implicated  in  apoptosis  and  neurode- 
generative  disease,  though  no  clear  sequence  homology 
is  shared  between  BI-1  and  these  proteins  (Wolozin  et 
al.,  1996;  Guo  et  al.,  1997). 

Because  BI-1  was  identified  by  its  ability  to  suppress 
Bax-tnduced  yeast  cell  death,  in  theory,  it  could  function 
upstream  of,  at  the  same  level  as,  or  downstream  of 


Figures.  BI-1  Is  Localized  to  Intracellular 
Membranes  and  Cofractionates  with  Bcl-2 

(A)  Either  the  parental  pEGFP-N2  vector  (a) 
or  plasmid  encoding  BI-1  -GFP  fusion  protein 

(b)  or  a  plasmid  encoding  Flag-tagged  BI-1 
protein  (c)  was  transfected  into  Cos-7  cells. 
18  hr  after  transfection,  cells  were  seeded  in 
chamber  slides  for  fluorescence  microscopy. 
In  (a)  and  (b),  cells  were  analyzed  directly  us¬ 
ing  appropriate  filters  for  visualization  of  the 
green  fluorescence  resulting  from  GFP.  In 

(c) ,  cells  were  stained  with  anti-Flag  M2  and 
FlTC-conjugated  anti-mouse  IgG.  Cells  stained 
with  secondary  antibody  alone  exhibited  neg¬ 
ligible  fluorescence  (not  shown).  Photo¬ 
graphs  represent  '^400x  original  magnifi¬ 
cation. 

(B)  BI-1  -GFP  transfected  Cos-7  cells  were  in¬ 
cubated  with  the  Mitotracker  dye  before  be¬ 
ing  fixed  and  visualized  by  fluorescence  con- 
focal  microscopy  using  filters  appropriate  for 
the  visualization  of  green  (a),  red  (b),  or  both 
(c),  resulting  from  the  BI-1  -GFP  protein  and 
the  Mitotracker.  Data  shown  are  representa¬ 
tive  of  the  majority  of  doubly  stained  cells. 

(C)  293T  cells  were  transiently  transfected 
with  either  parental  vector  (Control)  or  plas¬ 
mid  encoding  HA-tagged  BI-1.  Cells  were 
lysed  2  days  later  in  a  hypotonic  solution,  and 
crude  subcellular  fractionations  were  pre¬ 
pared.  Equivalent  proportions  of  each  frac¬ 
tion  were  subjected  to  S DS-P AG E/im mu- 
noblot  analysis  using  antibodies  specific  for 
HA-tag,  BcI-2,  Bax,  FlpATPase  (mitochon¬ 
dria  marker),  PARP  (nuclear  marker),  and 
CPP32  (Caspase-3,  cytosolic  marker). 


Bax.  For  instance,  Bl-1  could  act  upstream  of  Bax,  af¬ 
fecting  the  production  of  Bax  or  the  targeting  of  Bax 
to  its  proper  intracellular  locations.  Our  data,  however, 
suggest  that  BI-1  has  no  significant  impact  on  the  levels 
of  Bax  or  its  intracellular  location.  BI-1  does  not  appear 
to  be  associated  with  Bax,  implying  that  it  does  not 
inhibit  Bax  directly.  However,  physical  interaction  is  not 
necessarily  required  for  mutual  antagonism  among  anti- 
and  proapoptotic  Bcl-2  family  proteins  (Simonlan  et  al., 
1996;  Tao  et  al.,  1997;  Zha  and  Reed,  1997).  Given  that 
the  BI-1  associates  with  Bcl-2  and  BcI-Xl  in  mammalian 
cells,  it  is  also  formally  possible  that  BI-1  functions 
through  a  Bcl-2  homolog  in  yeast.  We  do  not  favor  this 
hypothesis,  mainly  because  no  Bcl-2  homologs  are  Iden¬ 
tifiable  in  S.  cerevisiae  on  the  basis  of  amino  acid  se¬ 
quences  deduced  from  the  complete  yeast  genome. 

BI-1  might  function  downstream  of  Bax,  based  on  the 
apparent  scarcity  of  BI-1  in  mitochondrial  membranes. 
In  this  regard,  our  preliminary  attempts  to  localize  BI-1 
Indicate  that  it  is  predominantly  nonmitochondrial  and 
Instead  may  be  mostly  localized  to  the  ER.  In  contrast. 
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Figure  7.  BI-1  Interacts  with  Bcl-2  in  Mammalian  Cells 

(A)  In  vivo  cross-linking.  293  cells  were  cotransfected  with  Bcl-2- 
encoding  plasmid  and  either  a  control  (vector)  or  plasmids  encoding 
BI-1 -Flag  (top  panel)  or  BI-1 -HA  (bottom  panel)  proteins.  2  days 
after  transfection,  cells  were  washed  in  PBS  and  incubated  with 
the  membrane-permeable  chemical  cross-linker  DTBP.  After  cross- 
linking  for  20  min,  cells  were  washed  in  PBS  and  lysed  in  RIPA 
buffer.  Immunoprecipitations  were  performed  using  normal  mouse 
IgGI  as  a  negative  control  or  the  anti-Flag  M2  (top)  or  anti-HA  1 2CA5 
(bottom)  monoclonal  antibodies.  Immunocomplexes  were  reduced 
(to  reverse  the  cross-linking  reaction)  and  analyzed  by  SDS-PAGE/ 
immunoblotting  using  anti-Bcl-2  antiserum.  Lanes  1  and  2  represent 
whole  cell  lysates  from  cells  transfected  with  Bcl-2-f-BI-1  or  Bcl-2+ 
vector,  respectively  (1/20  of  the  input  for  lanes  3-5).  Lanes  3-5 
were  loaded  with  immune  complexes  precipitated  with  the  indicated 
antibodies. 

(B)  Coimmunoprecipitation.  293  cells  were  transiently  transfected 
with  either  Bcl-2- ,  Bc1-Xl-,  or  Bax-encoding  plasmids  together  with 
either  vector  control  plasmid  or  BI-1  -Flag-encoding  plasmid  DNA. 
2  days  later,  cells  were  lysed  in  1  %  NP-40  buffer  and  immunoprecipi¬ 
tations  were  performed  using  either  anti-Flag  antibody  M2  or  IgG 
control.  Immune  complexes  (lanes  3-5)  were  subjected  to  SDS- 
PAGE/immunoblot  analysis  using  antisera  specific  for  Bcl-2,  Bcl- 
Xl,  Bax,  or  Bak.  Whole  cell  lysates  (lanes  1  and  2)  are  from  cells 
transfected  with  Bcl-2  (top),  BcI-Xl  (second),  Bax  (third),  or  no  plas¬ 
mid  (bottom)  together  with  either  Bl-1  -Flag  plasmid  (lane  1)  or  vector 
control  (lane  2),  representing  1/40  of  the  input  for  immunoprecipi- 
tation. 


Bax  has  been  reported  to  associate  primarily  with  mito¬ 
chondria  in  yeast  and  mammalian  cells  (Zha  et  al.,  1 996). 
Thus,  to  the  extent  that  these  two  proteins  reside  in 
different  organellar  compartments,  these  observations 
support  the  notion  of  BI-1  operating  downstream  of  Bax. 
However,  others  have  shown  that  when  Bcl-2  is  targeted 
exclusively  to  the  ER  through  substitution  of  the  C  termi¬ 
nus  of  cytochrome  b5,  it  retains  the  ability  to  block 
apoptosis  induced  by  some  stimuli  (Zhu  et  al.,  1996). 
Moreover,  the  adenovirus  Bcl-2  homolog  El  B  19K  can 
antagonize  Bax-induced  apoptosis  but  apparently  is  not 
associated  with  mitochondria  (White  and  Cipriani,  1 989; 
Han  et  al.,  1996).  This  implies  that  Bcl-2  and  E1B  19K 
need  not  necessarily  be  associated  with  mitochondria 
where  Bax  mostly  resides,  raising  the  possibility  that 
Bcl-2  and  Bax  control  parallel  pathways  that  indepen¬ 
dently  provide  signals  for  cell  survival  and  death,  re¬ 
spectively.  If  true,  then  an  alternative  interpretation  is 


that  BI-1  is  a  downstream  effector  of  Bcl-2,  which  pre¬ 
vents  Bax-induced  death  in  yeast  by  substituting  for 
Bcl-2. 

Though  mitochondria  have  received  much  attention 
recently  for  their  role  In  apoptosis,  the  ER  has  also  been 
implicated  in  cell  death  regulation.  The  ER  performs 
several  essential  functions,  including  protein  processing 
and  translocation,  vesicle  transport,  and  maintaining 
calcium  homeostasis  (reviewed  by  Teasdale  and  Jack- 
son,  1 996).  It  has  been  shown  that  Bcl-2  can  alter  regula¬ 
tion  of  Ca^^  in  the  ER,  preventing  loss  of  Ca^^  from 
this  organelle  following  growth  factor  deprivation  and 
decreasing  the  basal  efflux  of  Ca^^  under  normal  circum¬ 
stances  (Baffy  et  al.,  1993;  Lam  et  al.,  1994).  Depletion 
of  intra-ER  Ca^^  stores  has  been  reported  to  induce 
apoptosis  (Baffy  et  al.,  1 993).  Moreover,  release  of  Ca^+ 
into  the  cytosol  can  induce  mitochondrial  permeability 
transition  (PT)  pore  opening  (Bernard!  et  a!.,  1994; 
Kroemer  et  al.,  1996),  thus  creating  afunctional  connec¬ 
tion  between  the  ER  and  mitochondria.  Interestingly, 
antisense-mediated  ablation  of  one  of  the  ER  Ca^"^  chan¬ 
nels,  namely  the  inositol  triphosphate-gated  receptor-1 , 
has  revealed  a  requirement  for  this  Ca^^  channel  In  T-cell 
apoptosis  induced  by  diverse  stimuli,  including  anti-Fas 
antibodies,  glucocorticoids,  and  ionizing  radiation  (Jay- 
araman  and  Marks,  1 997).  Thus,  regulation  of  Ca^^  traf¬ 
ficking  through  effects  on  Ca^"^  channels  in  the  ER  repre¬ 
sents  one  of  several  tenable  hypotheses  for  explaining 
how  a  multiple-membrane-spanning  protein  such  as 
BI-1  might  directly  or  indirectly  modulate  cell  death 
pathways. 

What  might  BI-1  be  doing  in  intracellular  membranes? 
Based  on  the  predicted  multiple  transmembrane  seg¬ 
ments,  BI-1  could  possibly  function  as  a  receptor  or  an 
ion-channel  protein.  Similar  to  ion-channels,  some  of 
the  putative  transmembrane  segments  of  BI-1  when  ex¬ 
amined  on  a-helical  wheel  plots  predict  the  presence 
of  hydrophilic  residues  on  one  face  of  the  a  helices 
rather  than  uniformly  hydrophobic  residues  like  those 
found  in  the  transmembrane  domains  of  most  cell  sur¬ 
face  growth  factor  receptors.  If  several  amphipathic  heli¬ 
ces  assembled  in  the  membrane,  creating  an  aqueous 
lumen  ringed  by  the  hydrophilic  surfaces  of  these  puta¬ 
tive  a  helices,  then  BI-1  could  potentially  form  an  ion 
channel  in  membranes.  Alternatively,  the  apparent  phys¬ 
ical  association  of  BI-1  and  Bcl-2  raises  the  intriguing 
possibility  that  BI-1  and  Bcl-2  could  create  heteromeric 
channels,  with  Bcl-2  presumably  contributing  its  5th  and 
6th  amphipathic  a-helical  domains,  which  have  been 
shown  to  be  required  for  in  vitro  pore  formation  (Schen- 
del  et  al.,  1997),  and  BI-1  providing  some  of  its  amphi¬ 
pathic  transmembrane  a-helical  segments.  Precedent 
for  this  idea  exists  among  some  types  of  K+  channels 
in  which  the  functional  channel  is  comprised  of  a  hetero- 
tetramer,  with  each  subunit  contributing  transmem¬ 
brane  a  helices  that  surround  a  central  ion  pore  (Catter- 
all,  1995).  Alternatively,  the  interaction  of  Bcl-2  and  BI-1 
could  provide  a  mechanism  by  which  Bl-1  regulates  the 
previously  described  Bcl-2  channel,  or  conversely,  by 
which  Bcl-2  regulates  a  hypothetical  BI-1  channel,  anal¬ 
ogous  to  some  voltage-gated  Na"^  and  Ca^"^  ion  channels 
in  which  a  single  protein  forms  the  actual  channel  but 
this  channel  is  highly  regulated  by  associated  integral 
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membrane  proteins  (Catterall,  1 995).  Also,  by  function¬ 
ing  as  an  ion  channel,  conceivably  BI-1  might  alter  ion 
gradients,  pH,  or  voltage  (DV)  across  the  membranes 
where  Bc!-2  family  proteins  reside,  thus  either  inhibiting 
or  enhancing  their  ability  to  integrate  into  membranes 
and  form  ion  channels  (review  by  Reed,  1 997a).  It  should 
be  noted  however  that  Bcl-2  has  been  reported  to  bind 
multiple  proteins  (Reed,  1 997a)  and  thus  may  be  promis¬ 
cuous  in  its  interactions  with  other  proteins,  including 
BI-1 .  Thus,  while  the  significance  of  the  interaction  of 
BI-1  with  Bcl-2  remains  to  be  determined,  the  data  pre¬ 
sented  here  nevertheless  establish  that  Bl-1  is  a  novel 
suppressor  of  cell  death. 

The  yeast-based  functional  cloning  strategy  em¬ 
ployed  here  provides  an  alternative  approach  for  Iden¬ 
tifying  proteins  that  regulate  mammalian  cell  death. 
Though  BI-1  can  interact  with  Bcl-2  (or  with  a  complex  of 
proteins  that  includes  Bcl-2),  it  is  unlikely  that  interaction 
cloning  methods  based  on  either  yeast  two-hybrid  or 
\-phage  expression  library  screening  using  ligand-blot¬ 
ting  would  have  detected  BI-1 ,  because  of  its  hydropho¬ 
bic  characteristics.  Protein  purification  attempts  based 
on  ability  to  interact  with  Bcl-2  also  would  have  been 
unlikely  to  succeed  for  the  same  reason.  Thus,  functional 
screening  for  Bax  suppressors  in  yeast  provides  a  pow¬ 
erful  approach  that  complements  these  other  methods 
and  that  seems  likely  to  yield  new  insights  into  the  bio¬ 
chemistry  and  genetics  of  mammalian  cell  death  regula¬ 
tion.  Future  studies.  Including  targeted  gene  knockout 
experiments  in  mice,  will  better  define  the  overall  role 
played  by  BI-1  in  the  Bcl-2/Bax  pathway  for  cell  death 
regulation. 

Experimental  Procedures 
Yeast  Methods 

Yeast  strains  used  included:  BF264-15Dau  (MATa  ade1  his2  leu2-3, 
112  trpl-la  ura3)  (Lew  et  al.,  1991)  and  EGY48  {MATa  trpi  ura3 
his3  leu2::plexAop6-LEU2.  Strain  QX95001  is  BF264-15Dau  con¬ 
taining  the  LEU2-marked  mBax-encoding  plasmid  YEp51-Bax. 
Strains  BF264-1 5Dau  and  EGY48  were  maintained  in  the  rich  YPD 
medium,  and  strain  QX95001  was  maintained  in  SD-Leu  (synthetic 
dropout  medium  lacking  leucine).  Transformations,  plasmid  extrac¬ 
tions,  and  protein  extracts  were  prepared  as  described  (Sato  et  al., 
1994;  Zha  et  al.,  1996). 

For  cDNA  library  screening,  QX95001  cells  were  grown  to  mid¬ 
log  phase  in  the  SD-Leu  liquid  medium  and  transformed  with  1 00 
Jig  of  HepG2  cDNA  library  DNA  by  a  LiOAc  method.  Bax-resistant 
transformants  were  directly  selected  on  galactose-containing  syn¬ 
thetic  dropout  medium  lacking  leucine  and  uracil  (SD-leu+ura).  An 
aliquot  of  transformation  mixture  was  ajso  spread  on  glucose- 
containing  medium  to  determine  transformation  efficiency.  Bax- 
resistant  colonies  were  patched  onto  galactose- containing  SD- 
leu+ura  plates.  Con-loss  assays  were  performed  as  described 
(Ausubel  et  al.,  1991). 

Plasmid  Constructions 

pcDNA3-hBax  and  pRc/CMV-Bcl-2  contain  human  Bax  and  human 
Bcl-2  cDNAs  in  the  expression  plasmids  pcDNA3  and  pRc/CMV, 
respectively.  The  C-terminal  HA-tagged  BI-1  plasmid  was  con¬ 
structed  in  two  steps.  The  C  terminus  of  BI-1  (from  the  internal 
BamHI  site)  was  first  PCR-ampllfied  to  add  a  Xhol  site  to  the  very 
C  terminus  of  the  BI-1  ORF  (just  before  the  stop  coden).  PCR  primers 
used  were  5'-GGGGATCCATTTGGCCTTTCCAG  and  5'-GGCTCGA 
GTTTTCTTCTCTTTCTTCTTATCC.  The  resulting  PCR  product  was 
digested  with  BamHI  and  Xhol  and  subcloned  into  pcDNAS  con¬ 
taining  an  oligonucleotide  encoding  three  in-frame  copies  of  the  HA 


tag  downstream  of  the  Xhol  site,  producing  plasmid  pQX9645.  Next, 
the  N-terminal  portion  of  BI-1  was  re-ligated  into  pQX9645,  giving 
rise  to  pcDNA3-BI-1  -HA.  An  EcoRI-Xhol  fragment  containing  BI-1 
cDNA  from  pcDNA3-BI-1 -HA  was  subcloned  into  pcDNAS  con¬ 
taining  a  single  copy  of  the  FLAG  epitope  downstream  of  the  Xhol 
site  and  into  the  GFP  vector  pEGFP-N2  (Clontech  Inc.)  between  the 
EcoRI  and  Sail  sites.  The  2.6  kbp  BI-1  cDNA  was  subcloned  in 
reverse  (antisense)  orientation  between  the  Xhol  and  EcoRI  sites  of 
pcI-Neo  (Invitrogen,  Inc.),  producing  pcl-Neo-BI-1-AS. 

Cell  Culture  and  Transfections 

293,  293T,  GM701,  and  Cos7  cells  were  maintained  in  Dulbecco’s 
modified  Eagle’s  medium  (DMEM)  supplemented  with  10%  FBS 
(fetal  bovine  serum),  1  mM  L-glutamine,  1 00  U/ml  penicillin,  and  1 00 
|ig/ml  streptomycin  sulfate  and  transfected  as  described  (Zha  et 
al.,  1996).  For  cell  death  assays,  293  cells  were  seeded  at  8  X 
10®  cells  per  60  mm  dish  and  1  day  later  transfected  with  various 
combinations  of  plasmids  (9  jig  total  DNA).  Precipitates  were  re¬ 
moved  after  8  hr  and  replaced  with  fresh  medium.  Both  floating  and 
adherent  cells  (after  trypsinization)  were  collected  at  24  hr  post¬ 
transfection  and  analyzed  by  trypan  blue  dye  exclusion  assay, 
counting  a  minimum  of  300  cells  and  performing  experiments  in 
triplicate  (mean  value  ±  SD).  The  transfection  efficiency  was  esti¬ 
mated  to  be  >  70%  based  on  cotransfections  with  a  p-gal  reporter 
plasmid.  DAPI  staining  for  assessing  nuclear  morphology  was  also 
performed. 

For  GM701  fibroblasts,  cells  were  seeded  into  6-well  tissue  culture 
dishes  at  6  X  1 0'^  cells/well  and  cotransfected  with  0.5  jig  of  p-gal 
reporter  plasmid  and  4  jig  of  various  other  expression  plasmids. 
Precipitates  were  removed  6  hr  later,  and  18  hr  posttransfection 
cells  were  washed  three  times  with  DMEM  and  incubated  in  medium 
containing  0.1  %  FBS  for  30  hr  before  fixing  and  staining  with  X-gal 
(Zha  et  al.,  1996). 

FL5.12  cells  were  maintained  in  RPMI-1640  medium  supple¬ 
mented  with  1 0%  FBS,  1 0%  WEHI-3B  conditioned  medium,  L-gluta¬ 
mine,  and  antibiotics.  Plasmid  DNAs  (20  jig)  were  introduced  into 
FL5.1 2  cells  by  electroporation  (GenePulser;  Biorad)  using  650  V/cm 
and  1 025  jiF,  followed  by  selection  in  medium  containing  puromycin 
(0.5  |xg/ml).  Clones  expressing  BI-1 -GFP  fusion  protein  were 
screened  initially  by  fluorescence  microscopy,  followed  by  FACS 
and  immunoblot  analysis.  IL-3  withdrawal  and  cell  viability  determi¬ 
nations  were  performed  as  described  (Wang  et  al.,  1995).  For  drug- 
resistance  assays,  either  etoposide  (5  jig/ml)  or  staurosporine  (0.5 
fiM)  was  added  to  cells  at  a  density  of  5  x  1 0®  cells/ml  and  incubated 
for  up  to  3  days  before  determining  the  percentage  cell  viability 
based  on  trypan  blue  dye  exclusion. 

Immunoprecipitation  and  Immunoblot  Assays 
Cell  lysates  were  prepared  using  HKME  solution  (10  mM  HEPES 
[pH  7.2],  142  mM  KCI,  5  mM  MgClg,  1  mM  EGTA)  containing  1% 
NP-40  and  protease  Inhibitors  (1  mM  PMSF,  5  |ig/ml  leupeptin,  5 
|ig/ml  aprotinin,  0.7  jig/ml  pepstatin)  and  cleared  by  Incubation 
with  the  rec-protein  G-Sepharose  4B  (ZYMED).  Lysates  were  then 
diluted  in  HKME  to  a  final  concentration  of  0.6%  NP-40  and  Incu¬ 
bated  with  antl-Flag  M2  antibody  (Kodak)  at  4‘’C  for  2  hr  with  con¬ 
stant  rotating,  followed  by  rec-protein  G  beads  for  1  hr.  Immobilized 
immunocomplexes  were  washed  four  times  in  HKME  containing 
0.2%  NP-40  before  boiling  in  SDS  sample  buffer.  Cell  lysates  or 
immunoprecipitates  were  resolved  by  SDS-PAGE  and  transferred 
onto  nitrocellulose  membranes  (Biorad).  After  blocking  with  5%  non¬ 
fat  milk,  2%  bovine  serum  albumin  (BSA)  in  TEST  (10  mM  Tris  [pH 
7.5];  142  mM  NaCI;  0.1  %  Tween  20)  at  the  room  temperature  for  2 
hr,  blots  were  incubated  in  the  same  solution  with  various  primary 
antibodies,  including  monoclonal  antibodies  specific  for  HA  (1 2  CAS 
[0.8  jig/ml])  or  Flag  (M2  [3  img/ml])  and  polyclonal  antisera  specific 
for  Bcl-2  (0.1  %  [v/v]),  BcI-Xl  (0.1  %),  Bax  (0.1  %),  CPP32  (0.1  %),  PARP 
(0.1%),  or  Fi-p-ATPase  (0.1%),  followed  by  0.6  jig/ml  horseradish 
peroxidase-conjugated  anti-mouse  or  anti-rabbit  IgG  (Biorad)  sec¬ 
ondary  antibodies.  Bound  antibodies  were  visualized  using  an  en¬ 
hanced  chemiluminescence  (ECL)  detection  system  (Amersham). 

In  Vivo  Cross-Linking 

Transfected  293  cells  were  washed  twice  with  PBS  and  then  incu¬ 
bated  for  20  min  at  room  temperature  in  PBS  with  1  mM  DTBP 
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(dimethyl-3, 3'-dlthlobispropionimidate  [2HCII)  (Pierce,  Inc.)  with 
gentle  shaking.  After  extensive  washing  in  PBS,  cells  were  lysed  In 
RIPA  (10  mM  Tris  [pH  7.4],  150  mM  NaCI,  5  mM  EDTA,  1%  Triton 
X-100, 1  %  deoxycholate,  0.1  %  SDS)  containing  protease  Inhibitors, 
and  immunoprecipitations  were  performed  using  anti-HA  (12CA5) 
or  anti-Flag  (M2)  monoclonals.  Immune  complexes  were  immobi¬ 
lized  on  protein  G  beads  and  washed  four  times  with  RIPA,  followed 
by  boiling  in  SDS  sample  buffer  (containing  5%  p-mecaptoethanol). 
Samples  were  analyzed  by  SDS-PAGE/immunoblotting  using  rabbit 
antisera  specific  for  Bc!-2  or  Bax. 

Immunofluorescence  and  Confocal  Microscopy 
Cells  transiently  transfected  with  pcDNA3-BI-1  -Flag  were  trypsln- 
ized  and  seeded  into  chamber  slides.  The  next  day,  cells  were 
washed  in  PBS  and  fixed  in  PBS  containing  3.7%  paraformaldehyde, 
followed  by  washing  twice  in  PBS.  Cells  were  then  permeabilized 
in  0.1%  Triton  X-1 00/PBS  for  20  min  and  preblocked  in  PBS  con¬ 
taining  3%  BSA,  2%  FBS,  0.1  %  goat  serum.  Anti-Flag  antibody  M2 
(3  ^.g/ml)  was  added  to  cells  in  the  same  solution  and  incubated 
for  1  hr,  followed  by  washing  three  times  in  PBS/0.1  %  Triton  X-100 
and  incubation  with  2  |xg/ml  FITC-conjugated  secondary  anti-mouse 
antibody  (Dako)  for  1  hr.  After  washing  three  times  in  PBS,  slides 
were  covered  in  Vectashield  mounting  medium  (Vector  Laboratories, 
Inc.)  and  sealed  with  nail  polish.  For  two-color  analysis,  GFP-BI- 
1  -transfected  cells  were  incubated  with  20  nM  Mitotracker  (Molecu¬ 
lar  Probes,  Inc.)  in  normal  growth  medium  for  20  min  at  37°C.  Con- 
focal  fluorescence  microscopy  was  performed  using  an  /Xxiophot 
photomicroscope  (Zeiss,  Inc.,  Oberkochen,  Germany). 
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Summary 

The  proapoptotic  mammalian  protein  Bax  associates 
with  mitochondrial  membranes  and  confers  a  lethal 
phenotype  when  expressed  in  yeast.  By  generating 
Bax-resistant  mutant  yeast  and  using  classical  com¬ 
plementation  cloning  methods,  subunits  of  the  mito¬ 
chondrial  FoFi-ATPase  proton  pump  were  determined 
to  be  critical  for  Bax-mediated  killing  in  S.  cerevisiae. 
A  pharmacological  inhibitor  of  the  proton  pump,  oligo- 
mycih,  also  partially  abrogated  the  cytotoxic  actions 
of  Bax  in  yeast.  In  mammalian  cells,  oligomycin  also 
inhibited  Bax-induced  apoptosis  and  activation  of  cell 
death  proteases.  The  findings  imply  that  an  intact  FoFi- 
ATPase  in  the  inner  membrane  of  mitochondria  is  nec¬ 
essary  for  optimal  function  of  Bax  in  both  yeast  and 
mammalian  cells. 

Introduction 

Altered  function  of  mitochondria  has  been  recognized 
for  many  years  as  an  Important  contributor  to  ischemic 
and  necrotic  cell  death  (Bernard!  et  al.,  1994).  Recently, 
however,  evidence  has  accumulated  suggesting  a  criti¬ 
cal  role  for  these  organelles  in  apoptosis  and  pro¬ 
grammed  cell  death  (Petit  et  al.,  1996;  HIrsch  et  al., 
1997). 

Proteins  of  the  Bcl-2  family  are  important  regulators 
of  mammalian  cell  life  and  death,  with  some  functioning 
to  prevent  and  others  to  promote  apoptosis  (Reed,  1 994; 
Yang  and  Korsmeyer,  1996).  These  proteins  can  also 
modulate  cell  death  processes  that  result  in  necrotic 
rather  than  apoptotic  cell  death,  under  some  circum¬ 
stances  (Kane  et  al.,  1995;  Shimizu  et  al.,  1996).  Most 
Bcl-2  family  proteins  are  integral  membrane  proteins 
that  reside  in  the  outer  mitochondrial  membrane,  as  well 
as  some  other  intracellular  membranes  (Krajewski  et  al., 
1993;  Gonzalez-Garcia  et  al.,  1994). 

At  present,  the  biochemical  mechanism  by  which 
Bcl-2  and  its  homologs  regulate  cell  death  remains  con¬ 
troversial  (Reed,  1997).  The  three-dimensional  structure 
of  one  of  the  Bcl-2  family  proteins  suggests  similarity 
to  the  pore-forming  domains  of  certain  bacterial  toxins, 
such  as  diphtheria  toxin  and  the  colicins  (Muchmore  et 
al.,  1996).  Moreover,  the  antiapoptotic  proteins  Bcl-2 

tlo  whom  correspondence  should  be  addressed. 


and  BcI-Xl  as  well  as  the  proapoptotic  protein  Bax  can 
form  ion  channels  in  synthetic  membranes  in  vitro  in  a 
pH-dependent  manner  (Antonsson  et  al.,  1997;  Minn  et 
al.,  1 997;  Schendel  et  al.,  1 997;  Schlesinger  et  al.,  1 997). 
However,  Bcl-2  and  BcI-Xl  also  clearly  have  apoptosis- 
regulatory  functions  apart  from  their  ability  to  form  chan¬ 
nels,  in  that  they  bind  to  several  other  proteins  that  can 
modulate  responses  to  apoptotic  stimuli  (Reed,  1997). 
Bcl-2  has  been  shown  to  protect  mitochondria  from 
loss  of  membrane  potential  and  release  of  caspase- 
activating  proteins  such  as  cytochrome  c  and  apoptosis- 
inducing  factor  (AIF)  (Susin  et  al.,  1996;  Zamzami  et  al., 
1 996;  Kluck  et  al.,  1 997;  Yang  et  al.,  1 997),  whereas  Bax 
can  induce  loss  of  mitochondrial  membrane  potential 
and  activation  of  caspases  (Xiang  et  al.,  1996;  Jurgens- 
meier  et  al.,  1997).  It  remains  unclear  whether  these 
effects  of  Bcl-2  and  Bax  on  mitochondrial  physiology 
are  a  direct  result  of  their  intrinsic  activities  as  channel 
proteins,  which  conceivably  may  transport  either  Ions 
or  proteins,  as  opposed  to  an  indirect  consequence  of 
their  effects  on  other  channel  proteins  associated  with 
mitochondrial  membranes. 

When  expressed  in  either  the  budding  yeast  Saccha- 
romyces  cerevisiae  or  the  fission  yeast  Schizosaccharo- 
mycespombe,  the  proapoptotic  mammalian  protein  Bax 
confers  a  lethal  phenotype  (Sato  et  al.,  1994;  Ink  et  al., 
1 997;  Jurgensmeier  et  al.,  1 997).  Yeast  cells  undergoing 
Bax-induced  death  exhibit  ultrastructural  changes  that 
include  massive  cytosolic  vacuolarization  and  apparent 
disruption  of  mitochondria  (Ink  et  al.,  1997;  Jurgens¬ 
meier  et  al.,  1997),  similar  to  mammalian  cells  that  ex¬ 
press  Bax  in  the  presence  of  caspase  inhibitors  pCiang 
et  al.,  1996).  In  yeast,  the  Bax  protein  is  associated 
primarily  with  mitochondria,  and  the  targeting  of  Bax  to 
these  organelles  appears  to  be  important  for  its  lethal 
phenotype  in  yeast  (Zha  et  al.,  1 996).  Similar  to  mamma¬ 
lian  cell  apoptosis,  expression  of  Bax  in  yeast  has  been 
reported  to  induce  release  of  cytochrome  c  from  mito¬ 
chondria  Into  the  cytosol  (Manon  et  al.,  1 997).  Yeast  cell 
death  induced  by  Bax  or  the  closely  related  Bak  protein 
can  be  specifically  suppressed  by  antiapoptotic  Bcl-2 
family  proteins  (Sato  et  al.,  1994;  Bodrug  et  al.,  1995; 
Hanada  et  al.,  1995;  Greenhalf  et  al.,  1996;  Zha  et  al., 
1 996;  Ink  et  al.,  1 997;  Jurgensmeier  et  al.,  1 997).  Further 
evidence  of  similarities  in  at  least  some  of  the  mecha¬ 
nisms  by  which  Bax  functions  in  animal  cells  and  yeast 
comes  from  the  observation  that  cell  death  induced  by 
Bax  can  be  suppressed  in  both  mammalian  cells  and 
S.  cerevisiae  by  BI-1,  a  human  protein  that  contains 
multiple  membrane-spanning  domains  (Xu  and  Reed, 
1998  [this  Issue  of  Molecular  Celf\). 

The  functions  of  Bcl-2  family  proteins  are  often  con¬ 
served  across  evolution,  with  the  human  Bcl-2  protein, 
for  example,  exhibiting  potent  antiapoptotic  activity 
even  in  nematodes  and  insect  cells  (Alnemri  et  al.,  1992; 
Vaux  et  al.,  1992;  Hengartner  and  Horvitz,  1994).  More¬ 
over,  the  human  Bcl-2  protein  has  been  reported  to 
protect  superoxide  dismutase  (sod)-deficient  strains  of 
budding  yeast  from  cell  death  induced  by  oxidative 
stress  (Kane  et  al.,  1993),  implying  an  evolutionarily 
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conserved  function  perhaps  even  in  some  unicellular 
organisms.  Though  programmed  cell  death  (PCD)  is 
conventionally  thought  to  operate  only  In  multicellular 
organisms,  recent  studies  have  revealed  apoptosis-like 
cell  death  in  several  unicellular  eukaryotes,  including 
Dictyostelium  discoideum  (Corn il Ion  et  al.,  1994),  Try¬ 
panosome  brucei  rhodesiense  (Welburn  et  al.,  1996), 
Trypanosome  cruzi  (Ameisen  et  al.,  1996),  Leishmania 
amazonensis  (Moreira  et  al.,  1996),  and  Tetrahymena 
thermophila  (Christensen  et  al.,  1 995).  It  has  also  been 
suggested  that  certain  forms  of  PCD  may  even  exist  in 
prokaryotes  (Ameisen,  1996),  where  cell  suicide  mecha¬ 
nisms  could  potentially  limit  spread  of  viruses,  reduce 
competition  for  nutrients  during  times  of  starvation,  or 
ensure  that  ceils  with  damaged  DNA  do  not  pass  their 
defective  genomes  on  to  future  generations.  Reasoning 
that  at  least  some  of  the  functions  of  Bcl-2  family  pro¬ 
teins  appear  to  be  conserved  in  yeast,  we  undertook  a 
classical  genetics  approach  designed  to  Identify  yeast 
genes  that  are  required  for  Bax-mediated  lethality  In  S. 
cerevisiae. 

Results 

Creation  of  a  Mutant  Yeast  Strain  that  Displays 
Resistance  to  Bax-Induced  Cell  Death 
Yeast  strain  EGY48  was  mutagenized  with  N-methyl-N'- 
nitro-N-nitrosoguanidine  (MMNG)  and  then  transformed 
with  YEp51  -Bax,  a  LEL/2-marked,  high-copy  episomal 
plasmid  that  produces  the  mouse  Bax  protein  under  the 
control  of  the  galactose-inducible  GAL10  promoter  (Zha 
et  al.,  1 996).  Transformants  were  plated  on  leucine-defi¬ 
cient  semisolid  medium  containing  galactose,  resulting 
in  viable  colonies.  To  exclude  clones  that  might 
have  survived  because  of  defects  in  transactivation  of 
the  GAL10  promoter  in  YEp51  -Bax,  these  transformants 
were  cured  of  the  YEp51  -Bax  plasmid  and  then  retrans¬ 
formed  with  the  plasmid  pEG202-Bax  in  which  Bax  is 
produced  from  a  strong  constitutive  ADH1  promoter. 
The  resulting  24  Bax-resistant  clones  were  mated  with 
wild-type  Myy290  strain  cells,  yielding  9  diploids  in 
which  sensitivity  to  Bax-mediated  killing  was  restored, 
thus  suggesting  a  recessive  mutation.  Tetrad  analysis 
was  then  performed  for  these  recessive  mutants,  with 
only  one  (hereafter  designated  as  Bax-resistant  mutant-1 
[BRM1])  exhibiting  2:2  Mendelian  segregation  of  the 
Bax-resistance  phenotype  in  a  manner  consistent  with 
a  single  gene  defect  (Figure  1A). 

The  genomic  mutation  in  BRM1  cells  did  not  interfere 
with  Bax  protein  production,  as  determined  by  immu- 
noblotting  (Figure  1 B).  For  these  experiments,  the  wild- 
type  and  BRM1  cells  were  transformed  with  pGilda-Bax, 
which  produces  Bax  as  a  fusion  protein  with  a  portion 
of  LexA  (used  analogous  to  an  epitope  tag  here),  or  the 
pGilda  plasmid,  which  produces  only  the  LexA  fragment. 
The  addition  of  the  LexA  tag  to  Bax  does  not  interfere 
with  Its  intracellular  targeting  or  cell  death-inducing 
function  In  yeast  (Zha  et  al.,  1996). 

Complementation  Cloning  of  Yeast  Genes 
that  Restore  Sensitivity  to  Bax 
The  BRM1  cells  containing  pGilda-Bax  were  trans¬ 
formed  with  a  centromere-based  yeast  genomic  library. 
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Figure  1 .  Generation  of  a  Bax- Resistant  Yeast  Mutant  and  Identifi¬ 
cation  of  Genomic  Clones  that  Restore  Bax  Sensitivity 

(A)  Wild-type  EGY48  yeast  (WT),  Bax- resistant-mutant  (BRM1),  and 
diploid  cells  derived  from  mating  Myy290  (wild-type)  x  BRM1  were 
transformed  with  control  plasmid  pGilda  (C)  or  galactose-inducible 
pGilda-Bax  (Bax).  BRM1  was  also  cotransformed  with  pGilda-Bax 
and  clone  33  from  yeast  genomic  library  or  control  vector  YCp50. 
Each  transformant  was  first  grown  on  glucose-based  plate  and  then 
a  colony  was  restreaked  on  galactose-containing  plates  and  incu¬ 
bated  at  30^C  for  4  days. 

(B)  Immunoblot  analysis  is  shown  for  lysates  (10  i^g)  derived  from 
WT  yeast  (lanes  1  and  3)  and  BRM1  (lanes  2  and  4)  cells  transformed 
with  pGilda  (produces  LexA  protein  DNA-binding  domain  without  a 
nuclear  localization  sequence)  (lanes  1  and  2)  or  pGilda-Bax  (pro¬ 
duces  LexA-Bax  fusion  protein)  (lanes  3  and  4).  Antigens  were  de¬ 
tected  using  anti-LexA  rabbit  antiserum. 


Eight  transformants  were  identified  by  replica  plating 
that  appeared  to  have  a  restoration  of  their  sensitivity 
to  Bax-mediated  ceil  death.  The  plasmids  recovered 
from  these  eight  transformants  were  then  retransformed 
with  pGilda-Bax  into  BRM1  cells,  with  only  one  of  these 
clearly  restoring  sensitivity  to  Bax-mediated  iethality  to 
wiid-type  levels  (Figure  1  A).  DNA  sequence  analysis  re¬ 
vealed  that  this  clone  contained  three  genes,  including 
ATP4,  which  encodes  subunit  4  of  the  yeast  FqFi- 
ATPase,  a  proton  pump  located  in  the  inner  membrane 
of  mitochondria  (Weber  and  Senior,  1 997). 

ATP4  Is  Required  for  Bax-Induced 
Lethality  in  Yeast 

Since  it  has  been  previously  suspected  that  Bax  pro¬ 
motes  cell  death  at  least  in  part  through  effects  on  mito¬ 
chondria  (Xiang  et  al.,  1 996;  Zha  et  al.,  1 996),  we  focused 
on  ATP4  as  a  likely  candidate  gene  that  is  required  for 
Bax-induced  killing  of  yeast.  The  ATP4  gene  has  been 
previously  disrupted  in  S.  cerevisiae  by  URA3  insertional 
mutagenesis  (Velours  et  al.,  1 989;  Paul  et  al.,  1 992),  thus 
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Figure  2.  Yeast  with  Disrupted  ATP4  Gene  Are  Resistant  to  Bax- 
Induced  Cell  Death 

Wild-type  D273-10B/A  yeast,  ATP4  knockout  yeast  strain  PVY10 
{ATP4~),  and  heterozygous  diploids  derived  from  mating  of  PVY1 0 
with  Myy290  {ATP4  '^)  were  transformed  with  pGilda  (C)  or  pGllda- 
Bax.  The  cells  were  grown  in  glucose-based  medium  and  then  recul¬ 
tured  in  galactose-based  medium  to  induce  protein  expression  from 
the  GAL1  promoter  in  pGilda  plasmids. 

(A)  The  percentage  of  trypan  blue  dye  excluding  cells  was  deter¬ 
mined  at  various  times  after  switching  to  galactose-based  media 
(mean  ±  SE;  n  =  3;  SE  bars  are  obscured  by  symbols). 

(B)  Clonigenic  survival  was  determined  by  recovering  cells  at  various 
times  from  galactose-containing  medium  and  plating  1 000  cells  on 
glucose-based  semisolid  medium.  Data  are  representative  of  at 
least  three  experiments. 

(C)  Immunoblot  analysis  was  performed  to  assess  LexA  and  LexA- 
Bax  protein  levels  In  cells  after  12  hr  of  culture  in  galactose- based 
media,  as  described  for  Figure  1 . 


creating  the  ATP4-deficient  strain  PVY1 0.  We  therefore 
tested  PVY10  cells  for  resistance  to  Bax.  For  these  ex¬ 
periments,  PVY10  cells  were  transformed  with  pGilda- 
Bax  or  pGilda  control  plasmid  and  grown  for  various 
times  in  galactose-containing  medium  to  induce  expres¬ 
sion  of  Bax,  and  cell  viability  was  monitored  by  trypan 
blue  dye  exclusion.  ATP4-deficient  PVY10  cells  were 
not  killed  after  switching  from  glucose-  to  galactose- 
containing  medium  (Figure  2A).  In  contrast,  cells  of  the 
isogenic  wild-type  strain  (D273-10B/A)  that  had  been 
transformed  with  pGilda-Bax  began  to  die  within  12  hr 
after  switching  to  galactose. 

To  further  verify  that  A7P4-deficient  PVY10  cells  are 
resistant  to  Bax-mediated  lethality,  a  clonigenic  survival 
assay  was  performed  in  which  cells  were  switched  from 
glucose-  to  galactose-containing  liquid  medium  for  1 


day  to  induce  expression  of  Bax,  and  then  plated  on 
glucose-based  semisolid  medium,  which  suppresses 
the  GAL1  promoter  in  pGilda.  The  plating  efficiency  of 
ArP4-deficient  PVY10  cells  was  essentially  the  same, 
regardless  of  whether  they  contained  the  pGilda-Bax  or 
pGilda  plasmids  (Figure  2B).  In  contrast,  colony  forma¬ 
tion  by  the  Isogenic  wild-type  strain  was  markedly  re¬ 
duced  in  cells  harboring  the  pGilda-Bax  plasmid  com¬ 
pared  to  the  control  pGilda  vector.  Clonigenic  survival 
of  the  wild-type  cells  began  to  decline  after  as  little  as 
6  hr  of  exposure  to  galactose,  with  essentially  all  cells 
failing  to  form  viable  colonies  after  a  12  hr  exposure. 
The  differences  in  the  kinetics  of  loss  of  clonigenic  sur¬ 
vival  and  development  of  trypan  blue  positivity  (compare 
Figures  2A  and  2B)  have  been  observed  previously  in 
Bax-expressing  yeast  (Zha  et  al.,  1996;  Jurgensmeier 
et  al.,  1997),  and  likely  reflect  a  commitment  to  cell 
death  even  before  loss  of  plasma  membrane  integrity. 
Mating  the  PVY1 0  cells  with  wild-type  haploids  to  create 
47P4+/-  heterozygous  diploids  restored  sensitivity  to 
Bax.  Immunoblot  analysis  demonstrated  that  the  ATP4 
mutation  did  not  prevent  production  of  Bax  protein  (Fig¬ 
ure  2B).  We  conclude  therefore  that  ATP4,  which  is  a 
nuclear  gene  that  encodes  subunit  4  of  the  yeast  mito¬ 
chondrial  FoFi-ATPase  proton  pump,  is  required  for  Bax- 
mediated  killing  of  yeast. 

The  Proton-Pump  Inhibitor  Oligomycin  inhibits 
Bax-Induced  Killing  of  Yeast 

Oligomycin  binds  to  the  Fo  portion  of  the  yeast  and 
mammalian  FoFrATPases  and  prevents  the  proton  pump 
from  transporting  ions,  thus  effectively  shutting  It  off 
(Tzagoloff,  1 970).  We  reasoned  that  if  the  proton  pump  is 
required  for  Bax-mediated  lethality  in  yeast,  oligomycin 
should  render  wild-type  yeast  resistant  to  Bax.  To  test 
this  hypothesis,  D273-1  OB/A  strain  yeast  that  had  been 
transformed  with  either  pGilda-Bax  or  pGilda  control 
plasmids  were  cultured  for  various  times  In  galactose- 
containing  medium  with  or  without  oligomycin.  Oligomy¬ 
cin  did  not  inhibit  the  growth  of  yeast  under  these  condi¬ 
tions  due  to  their  ability  to  produce  sufficient  ATP  from 
anaerobic  fermentation  (not  shown).  Oligomycin  is  non¬ 
toxic  in  yeast  and  it  fails  to  induce  permeability  transition 
pore  (PTP)  opening  in  yeast  mitochondria  (Jung  et  al., 
1997).  As  shown  in  Figure  3,  oligomycin  partially  inhib¬ 
ited  the  Bax-induced  killing  of  yeast,  without  interfering 
with  production  of  the  LexA-Bax  protein.  Thus,  similar 
to  disruption  of  the  A7P4  gene,  a  pharmacological  inhib¬ 
itor  of  the  FoFi-ATPase  proton  pump  suppresses  Bax- 
mediated  lethality  in  yeast. 

Respiration  Is  Not  Required  for 
Bax-Induced  Killing  of  Yeast 

It  was  possible  that  the  genetic  disruption  or  pharmaco¬ 
logical  inhibition  of  the  FoFi-ATPase  proton  pump  indi¬ 
rectly  suppressed  Bax-mediated  lethality  In  yeast  by 
blocking  respiration  (Velours  et  al.,  1989;  Paul  et  al., 
1992;  Giraud  and  Velours,  1994).  To  address  this  ques¬ 
tion  and  to  further  explore  the  importance  of  the  FqFi- 
ATPase,  we  compared  the  effects  of  Bax  expression  on 
the  viability  and  clonigenic  survival  oirho~  yeast  as  well 
as  on  an  additional  mutant  strain  of  yeast  in  which  the 
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Figure  3.  FoFrATPase  Proton-Pump  Inhibitor,  Oligomycin,  Attenu¬ 
ates  Bax-Induced  Cell  Death  in  Yeast 

Yeast  strain  D273-1  OB/A  cells  transformed  with  pGilda  (C)  or  pGilda- 
Bax  were  initially  cultured  in  glucose-based  media,  then  switched 
to  galactose-containing  medium  with  (closed  symbols)  or  without 
(open  symbols)  10  |ulM  oligomycin,  and  the  percentage  of  trypan 
blue  dye  excluding  cells  was  determined  at  various  times  thereafter 
(A)  or  cells  were  recovered  and  either  1 000  or  3000  cells  were  plated 
on  glucose-containing  semisolid  medium  (B)  (mean  ±  SE;  n  =  3; 
SE  symbols  are  obscured  by  symbols).  In  (C),  protein  lysates  (1 0 
jjLg)  were  generated  from  the  same  cells  after  12  hr  of  culture  in 
galactose-based  medium  and  analyzed  by  immunoblotting  using 
anti-LexA  antiserum.  Lanes  1/2  and  lanes  3/4  represent  cells  con¬ 
taining  pGilda  or  pGilda-Bax,  respectively,  grown  with  or  without 
oligomycin  as  indicated. 


8  subunit  of  FoFi-ATPase  had  been  inactivated  by  URA3 
insertional  mutagenesis  (Giraud  and  Velours,  1994).  Un¬ 
like  the  ATP4  mutant,  both  rho~  and  ATP-8-deficient 
yeast  are  petites.  Rho~  yeast  fail  to  express  all  proteins 
encoded  in  the  mitochondrial  genome,  and  thus  lack 
certain  proteins  that  are  critical  for  respiration.  Though 
certain  subchains  of  the  FoFi-ATPase  proton  pump  are 
encoded  in  the  mitochondrial  genome,  its  activity  re¬ 
mains  partially  functional  in  rho~  yeast  (Schatz,  1968; 
Giraud  and  Velours,  1 994).  In  contrast,  loss  of  the  nu- 
clear-encoded  ATP-S  protein  results  in  deficient  func¬ 
tion  of  both  the  Fq  and  Fi  components  of  the  proton 
pump  (Giraud  and  Velours,  1997).  These  two  petite 
strains  grew  at  comparable  rates  In  the  absence  of  Bax 
(not  shown). 

The  rho~  yeast  transformed  with  pGilda-Bax  began 
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Figure  4.  A TP8- Deficient  but  Not  rho-  petite  Yeast  Are  Bax- 
Resistant 

Strain  CGY1  yeast  that  harbor  a  L/RA3-disrupted  ATPb  gene  and 
rho~  yeast  (both  petite)  were  transformed  with  pGilda  ([C];  open 
symbols)  or  pGilda-Bax  (closed  symbols).  Cell  viability  (A),  cloni- 
genic  survival  (B),  and  Bax  protein  levels  (C)  were  measured  as 
described  for  Figure  2  at  various  times  after  switching  cells  to  galac¬ 
tose-containing  medium  (mean  ±  SE;  n  =  3;  some  SE  symbols  are 
obscured  by  symbols).  In  (C),  lanes  1/2  and  lanes  3/4  represent  rfto" 
and  ATP8-deficient  yeast  transformed  with  pGilda  and  pGilda-Bax, 
respectively. 


to  die  when  switched  to  galactose-containing  medium, 
whereas  rho~  cells  containing  the  control  pGilda  vector 
did  not  (Figure  4A).  Note  however  that  the  Bax-induced 
cell  death  and  loss  of  clonigenic  survival  occurred  with 
delayed  kinetics  relative  to  wild-type  yeast  (compare 
with  Figure  2).  Thus,  the  absence  of  respiration  in  rho~ 
cells  may  reduce  but  does  not  abrogate  Bax-mediated 
lethality  in  yeast.  In  contrast,  yeast  lacking  the  8  subunit 
of  the  FoFi-ATPase  were  completely  resistant  to  Bax, 
despite  expressing  LexA-Bax  protein  at  levels  equiva¬ 
lent  to  those  of  the  rho~  cells  (Figure  4).  We  conclude 
therefore  that  respiration  is  not  required  for  Bax-induced 
killing  of  yeast,  but  the  FoFi-ATPase  proton  pump  is. 

Oligomycin  Also  Inhibits  Bax-Induced  Apoptosis 
and  Activation  of  Cell  Death  Proteases 
in  Mammalian  Cells 

No  mammalian  cells  exist  that  harbor  mutations  within 
subunits  of  the  mitochondrial  FoFi-ATPase.  Thus,  to  ex¬ 
plore  whether  the  proton  pump  is  also  required  for  opti¬ 
mal  function  of  Bax  In  mammalian  cells,  one  is  limited 
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Figure  5.  The  FoFi-ATPase  Inhibitor Oltgomy- 
cin  Suppresses  Bax-Induced  Apoptosis  and 
Caspase  Activation  in  293T  Cells 

(A)  293T  cells  were  cultured  in  DMEM-high 
glucose  medium  to  maintain  ATP  supplies  by 
glycolysis.  Four  hours  after  transfection  with 
9  fjig  of  pcDNA-Bax  (Bax)  or  control  pcDNA 
(C)  plasmids  with  1  |xg  of  pEGFP,  the  culture 
medium  was  exchanged  with  fresh  medium 
containing  or  lacking  0, 0.1 , 1 ,  or  1 0  |jlM  oligo- 
mycin  or  1 0  |jlM  antimycin  A.  After  an  addi¬ 
tional  8  hr  of  culture,  the  cells  were  collected. 
In  (A),  the  percentage  of  GFP^  cells  with 
apoptotic  morphology  was  determined  by 
DAPI -staining  (mean  ±  SD;  n  =  3). 

(B)  293T  cells  were  recovered  from  cultures 
of  untransfected  cells  and  incubated  with 
DiOC6,  followed  by  FACS  analysis.  Data  rep¬ 
resent  log  fluorescence  versus  relative  cell 
number.  As  a  control  for  specificity  of  DiOC6 
labeling,  an  aliquot  of  the  control  untreated 
cells  was  exposed  to  the  protonophore 
mClCCP  for  15  min  prior  to  incubation  with 
DiOCe. 

(C)  Lysates  derived  from  cells  that  had  been 
cultured  with  or  without  1 0  jxM  of  oligomydn 

were  prepared  and  normalized  for  total  protein  content,  and  caspase  activity  was  measured  based  on  hydrolysis  of  DEVD-AFC  (Deveraux  et 
al.,  1997).  Typical  substrate  hydrolysis  progress  curves  are  shown  (representative  of  three  experiments). 

(D)  Aliquots  of  the  same  lysates  employed  for  caspase  assays  were  subjected  to  immunoblot  analysis,  employing  anti-hu  Bax  antiserum  with 
ECL-based  detection.  The  blot  was  subsequently  reprobed  with  anti-tubulin  antibody  to  verify  loading  of  equivalent  amounts  of  total  protein. 
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to  pharmacological  studies  employing  oligomydn.  In 
mammalian  cells,  unlike  in  yeast,  oligomydn  Is  toxic  and 
leads  secondarily  to  mitochondrial  PTP  opening  and 
either  apoptosis  or  necrosis,  depending  on  the  particular 
cells  and  circumstances  evaluated  (Castedo  et  al., 

1996) .  Cell  death  caused  by  oligomydn,  however,  can 
be  delayed  by  culturing  in  high  glucose-containing  me¬ 
dium,  which  helps  to  maintain  ATP  levels  via  glycolysis 
(Eguchi  et  al.,  1997;  Leist  et  al.,  1997).  We  therefore 
explored  the  effects  of  oligomydn  in  human  293T  kidney 
epithelial  cells  grown  in  high  glucose  medium,  using  a 
transient  Bax  transfection  assay  to  induce  apoptosis 
and  activation  of  cell  death  proteases  (caspases)  (Zha 
et  al.,  1996;  Deveraux  et  al.,  1997;  Jurgensmeier  et  al., 

1 997) .  For  all  experiments,  oligomycin  was  added  4  hr 
after  transfections;  caspase  activity  and  apoptosis  were 
then  measured  after  an  additional  8  hr  of  culture.  Thus, 
the  experiments  were  performed  within  the  first  12  hr 
after  Bax  transfections,  before  oligomycin  caused  cell 
death  (>90%  trypan  blue  dye  exclusion  in  control  cul¬ 
tures). 

As  shown  in  Figure  5A,  oligomycin  reduced  the  per¬ 
centage  of  apoptotic  cells  in  cultures  of  Bax-transfected 
293T  cells  in  a  dose-dependent  manner,  with  concentra¬ 
tions  of  1-10  jxM  oligomycin  preventing  approximately 
half  of  the  Bax-induced  cell  death.  DiOCe-based  mea¬ 
surement  of  mitochondrial  membrane  potential  demon¬ 
strated  that  these  concentrations  of  oligomycin  resulted 
In  hyperpolarization  of  mitochondria  in  293T  cells,  con¬ 
sistent  with  a  block  of  the  proton  pump  causing  accumu¬ 
lation  of  ions  in  the  intermembrane  space  of  these 
organelles  (Figure  5B).  Acute  exposure  of  the  cells  to 
the  protonophore  mClCCP  confirmed  that  the  DiOCe 
staining  was  dependent  on  the  mitochondrial  pH  gradient 
(Figure  5B),  thus  verifying  the  specificity  of  this  assay. 

In  contrast  to  oligomycin,  culturing  Bax-transfected 


293T  cells  with  the  respiratory  complex  III  inhibitor  anti¬ 
mycin  A  did  not  impair  Bax-induced  apoptosis  under 
these  conditions,  but  did  markedly  reduce  mitochondrial 
(Figure  5B).  These  findings  in  mammalian  cells  thus 
support  the  observations  obtained  with  yeast,  demon¬ 
strating  again  that  respiration  is  unnecessary  for  Bax- 
mediated  cell  death. 

Since  gene  transfer-mediated  overexpression  of  Bax 
has  been  shown  to  induce  activation  of  caspases  that 
can  cleave  the  substrate  peptide  DEVD  (Deveraux  et 
al.,  1997;  Jurgensmeier  et  ai.,  1997),  we  measured  the 
effects  of  oligomycin  treatment  on  Bax-induced  activa¬ 
tion  of  DEVD-cleaving  caspases  using  lysates  from  the 
transfected  293T  cells.  As  shown  in  Figure  5C,  293T 
cells  transfected  with  pcDNA3-Bax  contained  markedly 
elevated  levels  of  caspase  activity  compared  to  control 
transfected  cells.  Addition  of  1-10  |jlM  oligomycin  to  the 
cultures  substantially  reduced  the  amount  of  Bax-induced 
caspase  activity  (Figure  5C  and  data  not  shown). 

Under  these  same  conditions,  ATP  levels  were  main¬ 
tained  to  within  ^95%  of  control  levels  for  293T  cells 
treated  with  1  fxM  oligomycin  (32  ±  3  nmol/mg  protein 
versus  34  ±  3  nmol/mg  protein)  and  to  within  ^75%  of 
control  levels  for  cells  treated  with  1 0  |xM  oligomycin 
(25  ±  2  nmol/mg  protein).  Thus,  the  oligomycln-medi- 
ated  protection  against  Bax-induced  apoptosis  cannot 
be  ascribed  to  reduced  ATP  levels.  Oligomycin  also  did 
not  impair  production  of  the  expected  21  kDa  Bax  pro¬ 
tein  in  293T  cells  (Figure  5D). 

When  used  at  high  concentrations  in  vitro,  oligomycin 
has  been  reported  to  inhibit  the  plasma  membrane  Na-K 
ATPase  (IC50  5  fxM)  (Decottignies  et  ai.,  1995).  We 

therefore  tested  the  effect  of  the  Na-K  ATPase  inhibitor 
oubain  on  Bax-induced  apoptosis  in  293T  cells,  but 
found  that  even  at  100  |jlM,  oubain  had  no  influence  on 
Bax  function  (not  shown).  Based  on  the  above  results, 
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Figure  6.  Oligomycin  Inhibits  p53-lnduced  Apoptosis 
BRK  cells  that  contain  ts-p53  (Han  et  al.,  1996)  were  maintained  at 
a  nonpermissive  temperature  of  39°C,  then  cultured  at  32°C  to  in¬ 
duce  p53  in  the  presence  or  absence  of  0.1-10  |jlM  oligomycin  or 
1 0  fxM  antimycin  A.  In  (A),  the  percentage  of  dead  cells  was  deter¬ 
mined  by  DAPI  staining  12  hr  after  shifting  to  32°C  (mean  ±  SD;  n  = 
3).  In  (B),  Lysates  were  prepared  from  BRK  cells  that  had  been 
cultured  at  39°C  (lane  1)  as  a  control  (C)  or  at  32°C  (lanes  2-4)  without 
or  with  10  p.M  oligomycin  or  1 0  ^lM  antimycin  for  1 2  hr,  normalized 
for  total  protein  content  (5  p.g/lane),  and  analyzed  by  immunoblotting 
using  anti-Bax  antiserum  with  ECL-based  detection.  The  same  blot 
was  reprobe  with  anti-tubulin. 

therefore,  we  conclude  that  the  FoFi-ATPase  proton 
pump  is  either  required  for  optimal  function  of  Bax  in 
293T  cells  or  enhances  Bax’s  ability  to  induce  apoptosis 
in  these  human  cells. 

Oligomycin  Inhibits  p53-lnduced  Apoptosis 
The  induction  of  apoptosis  in  baby  rat  kidney  (BRK)  cells 
by  p53  has  been  shown  to  be  Bax-dependent  (Han  et 
al.,  1 996;  Sabbatini  et  al.,  1 997).  We  therefore  employed 
BRK  cells  that  express  a  temperature-sensitive  mutant 
of  p53,  and  examined  the  impact  of  culturing  these  cells 
with  various  concentrations  of  oligomycin  at  either  the 
permissive  temperature  of  32°C  where  p53  is  active  and 
apoptosis  ensues  or  at  the  nonpermissive  temperature 
of  37-39°C  where  p53  is  Inactive.  As  in  the  prior  experi¬ 
ments,  these  cells  were  grown  in  high  glucose  medium 
to  maintain  ATP  levels  through  glycolysis. 

Oligomycin  reduced  the  percentage  of  apoptotic  cells 
by  approximately  two-thirds  when  ts-p53  BRK  cells 
were  cultured  at  32°C  to  active  p53  (Figure  6A).  Under 
these  same  conditions,  ATP  levels  were  maintained  at 
M00%  of  control  levels  in  BRK  cells  treated  with  1  ixM 
oligomycin  and  to  within  ^70%  of  control  for  10  |jlM 
oligomycin  (not  shown).  In  contrast,  antimycin  A  had  no 
apparent  effect  on  p53-induced  apoptosis  in  BRK  cells 
(Figure  6A),  yet  reduced  ATP  levels  more  than  oligomy¬ 
cin.  Immunoblot  analysis  of  BRK  cells  demonstrated 


that  neither  oligomycin  nor  antimycin  A  (1 0  fxM)  impaired 
p53-induced  expression  of  Bax  when  the  cells  were 
cultured  at  the  permissive  temperature  of  32°C  (Figure 
6B).  Taken  together,  therefore,  these  data  provide  fur¬ 
ther  evidence  that  Bax-dependent  apoptosis  requires 
the  mitochondrial  FoFi-ATPase  proton  pump. 


Discussion 

Here  we  present  genetic  evidence  that  the  mitochondrial 
FoFi-ATPase  proton  pump  is  required  for  Bax-induced 
cell  death  in  yeast.  By  employing  oligomycin,  a  specific 
inhibitor  of  the  proton  pump,  we  also  found  that  mito¬ 
chondrial  FoFi-ATPase  is  apparently  required  for  at  least 
optimal  Induction  of  apoptosis  and  activation  of  cas- 
pases  by  Bax  in  mammalian  cells.  Based  on  currently 
available  information,  Bax  and  the  FoFi-ATPase  proton 
pump  are  thought  to  reside  in  different  mitochondrial 
membranes,  with  Bax  associated  with  the  outer  mem¬ 
branes  oriented  primarily  toward  the  cytosol  and  the 
FoFi-ATPase  in  the  inner  membrane  (Figure  7).  Presum¬ 
ably,  therefore,  these  proteins  do  not  physically  interact, 
though  the  tendency  of  Bcl-2  family  proteins  to  concen¬ 
trate  at  the  junctional  complexes  of  mitochondria,  where 
the  inner  and  outer  membranes  come  into  contact  (Kra- 
jewski  et  al.,  1993;  de  Jong  et  al.,  1994),  may  create 
opportunities  for  a  direct  interaction.  This  might  be  par¬ 
ticularly  true  when  Bax  is  integrated  into  membranes 
within  its  capacity  as  a  channel-forming  protein,  which 
is  speculated  to  involve  the  insertion  of  the  predicted 
5th  and  6th  a  helices  of  Bax  through  the  lipid  bilayer 
(reviewed  in  Reed,  1997). 

Barring  a  direct  physical  interaction,  how  then  might 
the  FoFi-ATPase  contribute  to  Bax-induced  cell  death? 
At  least  two  potential  explanations  can  be  entertained. 
First,  loss  of  the  proton  pump  might  prevent  Bax  from 
integrating  into  the  outer  membrane  to  form  a  channel. 
In  this  regard,  the  channels  formed  in  vitro  by  Bax,  as 
well  as  by  Bcl-2  and  BcI-Xl,  are  voltage-dependent  and 
their  activities  are  modulated  by  pH  (Antonsson  et  al., 
1 997;  Minn  et  al.,  1 997;  Schendel  et  al.,  1 997).  For  exam¬ 
ple,  the  conductances  of  Bax  channels  in  planar  bilayers 
are  reportedly  higher  at  neutral  than  at  acidic  pH, 
whereas  Bcl-2  channels  open  more  frequently  at  lower 
pH.  In  addition,  most  Bcl-2  family  proteins  including  Bax 
contain  a  glutamic  acid  residue  between  the  a5  and  a6 
helices.  Protonation  of  this  residue  at  lower  pHs  there¬ 
fore  could  destabilize  the  membrane-inserted  channel¬ 
forming  conformation,  allowing  these  two  helices  to 
more  easily  slip  back  out  of  the  planar  bilayer.  Thus, 
alterations  of  the  voltage  potential  across  the  inner  mito¬ 
chondrial  membrane  where  the  FoFi-ATPase  resides  or 
changes  of  pH  at  the  surface  of  the  inner  membrane 
theoretically  could  interfere  with  Bax  channel  activity, 
assuming  Bax  can  be  influenced  by  the  local  voltage 
potential  and  pH  gradient,  particularly  at  the  junctional 
complexes.  The  insertion  of  the  a5  and  a6  helices  of 
Bax  into  membranes  could  also  provide  a  way  for 
exposing  the  BH3  domain  of  Bax  so  that  the  hydropho¬ 
bic  face  of  this  a  helix  is  available  for  dimerization  with 
Bcl-2  family  proteins  (Figure  7),  as  revealed  by  recent 
structural  studies  (Sattler  et  al.,  1997).  BH3  domain- 
mediated  dimerization  could  play  an  important  role  in 
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Figure?.  Schematic  of  Potential  Relations 
between  Mitochondrial  FoFi-ATPase  Proton 
Pump  and  Bax 

The  diagram  depicts  mitochondria,  showing 
the  inner  and  outer  membranes.  The  outer 
membrane  is  thought  to  be  porus  because  of 
porin.  Bax  in  the  outer  membrane  is  anchored 
via  a  C-terminal  transmembrane  (TM)  do¬ 
main.  During  channel  formation,  the  pre¬ 
dicted  5th  and  6th  a  helices  of  Bax  are  specu¬ 
lated  to  penetrate  the  lipid  bilayer.  The  BH3 
domain  (a2  helix)  is  located  on  the  cytosolic 
side  of  the  membrane  and  can  mediate  di¬ 
merization  with  Bcl-2  and  related  proteins. 
The  FoFi-ATPase  proton  pump  resides  In  the 
inner  membrane.  The  p  (equivalent  to  subunit 
4  in  yeast)  and  8  subunits  are  Indicated.  The 
p  and  8  subunits  of  Fq  and  Fi,  respectively, 
play  important  roles  In  connecting  the  Fq  pro¬ 
ton  channel  and  Fi  ATPase  portions  together. 
The  transport  of  H+  ions  by  the  proton  pump 
is  reversible,  and  can  either  consume  or  gen¬ 
erate  ATP.  Oligomycln  shuts  off  the  pump, 
such  that  protons  cannot  be  transported  in 
either  direction. 

The  respiratory  chain  complexes  I,  II,  and  III 
extrude  protons  into  the  intermembrane 
space.  Complex  HI  is  inhibited  by  antimycin 
A  and  associated  with  cytochrome  c. 


modulating  Interactions  of  Bcl-2  and  Bc!-Xl  with  CED-4 
or  other  proteins  (Reed,  1 997),  irrespective  of  ion-chan¬ 
nel  formation,  at  least  in  mammalian  cells. 

A  second  possible  explanation  for  why  the  FqFi- 
ATPase  is  required  for  Bax-mediated  lethality  in  yeast 
is  that  the  proton  pump  may  be  a  downstream  effector 
of  Bax.  In  this  regard,  the  FqFi -ATPase  can  operate  in 
both  forward  and  reverse  directions,  either  transporting 
protons  into  the  matrix  down  their  concentration  gradi¬ 
ent  and  creating  ATP,  or  pumping  protons  out  of  the 
matrix  while  consuming  ATP  (Figure  7).  It  is  conceivable, 
therefore,  that  Bax  channels  render  the  outer  membrane 
more  porous,  causing  a  faster  dissipation  of  the  proton 
gradient  than  usual  through  leakage  of  ions  into  the 
cytosol.  As  a  secondary  consequence,  the  FqFi -ATPase 
proton  pump  would  be  predicted  to  run  in  reverse,  thus 
consuming  ATP  and  alkalinizing  the  matrix  by  extruding 
protons.  Since  alkalinization  of  the  matrix  has  been 
shown  to  cause  opening  of  the  mitochondria  permeabil¬ 
ity  transition  (PT)  pore  In  both  mammalian  and  yeast 
mitochondria  (Bernard!  et  al.,  1994;  Ichas  et  al.,  1997; 
Jung  et  al.,  1997),  the  FoFi-ATPase  could  theoretically 
facilitate  Bax-induced  cell  death  by  this  mechanism. 
In  this  regard,  yeast  mitochondria  have  been  reported 
recently  to  have  evidence  of  a  PT  pore  that  can  be 
induced  to  open  by  matrix  alkalinization  (Jung  et  al., 
1997). 

In  previous  studies  where  oligomycin  was  used  under 
conditions  designed  to  maintain  ATP  levels  and  prevent 
necrosis,  it  was  observed  that  cell  death  induced  by 
etoposide  and  dexamethasone  was  inhibited  (Eguchi  et 
al.,  1997;  Leist  et  al.,  1997).  In  contrast,  apoptosis  in¬ 
duced  by  anti-Fas  antibody  is  apparently  not  dependent 
on  the  FoFi-ATPase,  since  Fas  can  still  induce  apoptosis 
in  cells  exposed  to  oligomycin  in  high-glucose  media. 
Though  this  observation  clearly  suggests  that  the  FoFi- 
ATPase  is  not  absolutely  necessary  for  apoptosis,  it 


does  not  discount  the  possibility  that  the  proton  pump 
contributes  to  Bax-induced  cell  killing  since  Fas-induced 
apoptosis  appears  to  be  relatively  Bax-independent  (re¬ 
viewed  in  Vaux  and  Strasser,  1996)  whereas  apoptosis 
induced  by  etoposide  and  dexamethasone  can  be  as¬ 
sisted  by  Bax  (Brady  et  al.,  1996). 

In  summary,  the  data  reported  here  demonstrate  a 
role  for  the  mitochondrial  FoFi-ATPase  in  Bax-induced 
cell  death.  Though  other  explanations  are  possible,  we 
suspect  that  the  functional  interaction  between  Bax  and 
the  proton  pump  is  a  manifestation  of  Bax’s  ability  to 
function  as  a  channel  protein  in  mitochondrial  mem¬ 
branes.  However,  Bax  can  promote  cell  death  in  mam¬ 
malian  cells  by  at  least  two  mechanisms:  (a)  by  forming 
channels  in  membranes;  and  (b)  by  dimerizing  with  anti- 
apoptotic  Bcl-2  family  proteins  and  thereby  interfering 
with  their  actions  independent  of  channel  formation 
(Reed,  1 997).  In  yeast,  we  hypothesize  that  the  bioactiv¬ 
ity  of  Bax  is  entirely  dependent  on  its  ability  to  form 
channels,  since  these  simple  unicellular  organisms  ap¬ 
pear  to  lack  Bcl-2  and  CED-4  homologs.  In  mammalian 
cells,  however,  both  mechanisms  are  likely  to  be  opera¬ 
tive.  It  remains  to  be  determined  which  of  these  two 
mechanisms  for  Bax-mediated  cell  death  (channel  for¬ 
mation  versus  Bcl-2  antagonist)  is  quantitatively  more 
important  in  mammalian  cells,  but  cellular  context  and 
the  specific  cell  death  stimulus  involved  are  likely  to  be 
highly  Important.  Regardless,  the  data  presented  here 
suggest  that  applications  of  yeast  genetics  may  provide 
novel  insights  into  the  channel-dependent  mechanisms 
of  Bax-induced  cell  death. 


Experimental  Procedures 
Plasmids 

YEpSI-Bax,  pEG202-Bax,  and  pcDNA-Bax  have  been  described 
(Zha  et  al.,  1996).  The  Bax  cDNA  from  pEG202-Bax  was  subcloned 
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into  the  EcoRI  and  Xhol  sites  of  pGilda  (gift  of  C.  Kaiser  [MIT]).  The 
YCp50  plasmid  (ATCC37419)  and  yeast  genomic  library  (ATCC37415) 
were  obtained  from  American  Type  Culture  Collection  (Rockville, 
Maryland). 

Yeast  Methods 

Yeast  strains  and  plasmids  used  for  these  studies  have  been  de¬ 
scribed  previously  (Velours  et  al.,  1989;  Paul  et  al.,  1992;  Giraud  and 
Velours,  1994;  Zha  et  al.,  1996).  For  generation  of  Bax-resistant 
mutant  yeast,  EGY48  strain  was  mutagenized  with  MMNG  (Sigma, 
Inc.)  using  routine  methods  (Guthrie  and  Fink,  1991).  After  treatment 
with  MMNG  for  10  min,  yeast  cells  were  grown  for  4  hr  in  YPD 
media  and  then  transformed  by  a  LiOAc  method  with  the  GAL10 
promoter-containing  plasmid  YEp51  -Bax  and  plated  on  minimal  me¬ 
dium  supplemented  with  required  amino  acid  (MM-A)  containing 
1  %  raffinose  and  2%  galactose.  Surviving  clones  were  picked  from 
plates  and  grown  in  MM-A  with  glucose  prior  to  transformation  with 
the  ADH1  promoter-containing  plasmid  pEG202-Bax  (Sato  et  al., 
1994)  and  selection  on  MM-A/2%  glucose  plates.  Resistant  mutants 
were  mated  with  Myy290  strain  {Mata,  his3,  ura3,  Ieu2),  and  the 
resulting  diploid  cells  were  subjected  to  tetrad  analysis  (Guthrie  and 
Fink,  1991).  BRM1  cells  displayed  precisely  50%  inheritance  of  the 
Bax-resistant  phenotype. 

Complementation  Cloning 

BRM1  cells  was  transformed  with  the  GAL1  promoter-containing 
plasmid  pGilda-Bax  and  grown  in  MM-A  with  glucose  to  a  density 
of  2-4  X  10^  cells/ml.  These  cells  were  then  transformed  using  a 
LiOAc  method  with  2  jxg  of  a  yeast  genomic  library  in  YCp50  (ATCC) 
and  20  fxg  of  salmon  sperm  DNA  (transformation  efficiency  1  x  1 0'* 
to  2  X  1 0^  per  fig  DNA).  Transformed  cells  were  first  plated  on  MM-A 
with  glucose  and  then  replica-plated  to  MM-A  with  galactose.  From 
<-^2  X  10^  independent  colonies  tested,  8  clones  were  identified  that 
did  not  grow  on  MM-A/galactose  plates.  Plasmids  were  recovered 
from  these  8  candidates,  and  BRM1  cells  were  retransformed  with 
these  library  plasmid  together  with  pGilda-Bax,  thus  confirming  res¬ 
toration  of  sensitivity  to  Bax  to  approximately  the  same  level  as  wild- 
type  yeast  for  1  of  them.  The  ends  of  this  plasmid  were  sequenced  by 
primers  flanking  the  cloning  site  in  YCp50  (5'-CGATCATGGCGACCA 
CACCCGTCCT-3'  and  6'-GGTGATGCCGGCCACGATGCGTCCG- 
3').  The  DNA  sequence  results  were  compared  with  the  Yeast  Geno¬ 
mic  Data  Base  using  dbFAST  (Stanford  University). 

Yeast  Cell  Viability  Assays 

Single  colonies  of  yeast  cells  transformed  with  pGiida  or  pGilda- 
Bax  were  grown  in  1 0-20  ml  of  MM-A/glucose  with  vigorous  aeration 
at  30®C  to  an  optical  density  of  0.4-0.5  ODgoo  nm.  Cells  were  pelleted 
by  centrifugation  (1000  x  g)  for  10  min  and  washed  three  times  in 
MM-A/galactose  before  resuspending  in  20  ml  of  MM-A/galactose 
and  culturing  half  with  10  jiM  oligomycin  and  half  with  ethanol 
solvent  control  (final  0.1  %).  Oligomycin  or  ethanol  was  added  to 
MM-/Vgalactose  medium  every  1 2  hr  to  ensure  maintenance  of  ade¬ 
quate  levels  of  drug.  After  culturing  for  various  times  at  30°C,  a  0.5 
ml  aliquot  of  cells  was  removed  for  trypan  blue  dye  exclusion  assay, 
counting  at  least  300  total  (live  and  dead)  cells.  Alternatively,  the 
total  cell  density  of  cultures  was  determined,  and  either  1 000  or  3000 
cells  were  spread  on  MM-A/glucose  plates,  followed  by  culturing  at 
30°C  for  4  days.  The  number  of  colonies  on  plates  from  the  0  hr 
cultures  was  designated  as  100%. 

Mammalian  Cell  Transfections  and  Apoptosis  Assays 
293T  cells  were  cultured  for  1 2  hr  in  DMEM-high  glucose  (4500  mg 
glucose/l)  medium  supplemented  with  1 0%  fetal  bovine  serum  (FBS) 
at  a  density  of  10®  cells  in  3.6  ml  of  medium  per  6  cm  diameter  dish 
or  3  X  10®  cells  in  10  ml  per  10  cm  dish.  Fresh  medium  was  ex¬ 
changed  and  4  hr  later  the  cells  were  transfected  with  10  jig  of 
pcDNA3-Bax  versus  parental  pcDNA3  plasmid  (10  cm  dishes)  or 
were  cotransfected  with  1  jig  of  pEGFP  (Clontech  Laboratories, 
Inc.)  and  either  9  jig  of  pcDNA3-Bax  or  pcDNA3  control  plasmid 
(6  cm  dishes).  Four  hours  after  the  transfection,  the  medium  was 
changed  with  fresh  media  containing  10  |iM  oligomycin,  10  jiM 
antimycin  A,  or  0.1  %  ethanol  (solvent).  After  culturing  for  an  addi¬ 
tional  8  hr,  both  the  floating  and  attached  cells  were  harvested.  Half 


of  the  recovered  cells  were  used  for  immunoblot  assays  and  the 
remainder  were  used  for  either  caspase  activity  assays  (Deveraux 
et  al.,  1997)  or  for  DAPI  staining  (Zha  et  al.,  1996). 

BRK  cells  expressing  ts-p53  (Subramanian  et  al.,  1 995)  were  main¬ 
tained  in  DMEM-high  glucose  1 0%  serum  medium  at  the  nonpermis- 
sive  temperature  of  39°C  and  cultured  at  either  5x10'*  cells/0.1  ml 
in  96-well  flat  bottom  plates  or  at  10®  cells/5  ml  in  6  cm  dishes  for 
cell  death  assays.  The  medium  was  then  changed  with  fresh  32°C 
medium,  and  cells  were  cultured  at  32°C  with  or  without  various 
concentrations  of  oligomycin  or  antimycin  A  for  12  hr.  The  percent¬ 
age  of  viable  cells  was  determined  by  trypan  blue  dye  exclusion, 
or  cell  lysates  were  prepared  for  immunoblot  analysis  of  Bax  ex¬ 
pression. 

immunoblot  Assays 

Whole  cell  lysates  were  normalized  for  total  protein  content,  and 
immunoblot  assays  were  performed  as  described  previously  using 
0.1%  (v/v)  anti-LexA  rabbit  serum  (Zha  et  al.,  1996)  or  either  anti¬ 
human  Bax  or  anti- mouse/rat  Bax  rabbit  sera  (Krajewski  et  al.,  1 994; 
Krajewski  et  al.,  1995). 

ATP  Measurements 

Cellular  ATP  content  was  measured  as  previously  reported  (Kane 
et  al.,  1985)  using  firefly  lantern  extract  (Luciferase-luciferin,  Sigma) 
with  a  luminometer.  Data  were  normalized  relative  to  total  protein 
content  of  cell  lysates. 

Measurements  of  Mitochondrial 

Mitochondrial  was  measured  using  DiOCe  (Molecular  Probes, 
Inc.)  as  described  (Castedo  et  al.,  1996). 
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